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SUMMARY

Future communication systems such as the Phase 11 DSCS will usc
cohcrent phase-shift keyed (PSK) modulation with forward error control (FEC
coding and will be transmitted at X-band frequencies. Since coherent PSK
svstems using FEC are especially sensitive to signal spectral purity and since
spectral purity is directly proportional to the transmission frequency, very
carviul system designs must be used in X-band transmission systems, These
svstems will require various frequency generation equipment such as atomic
standards for long-term frequency accuracy, and various combinations of cryvstul
oscillators, frequency synthesizers and frequency multipliers which are necessary

to provide flexible transmit and receive frequency assignments,

The ultimate objective of this effort is to provide guidance on spectral
purity requirements for the Phase II DSCS terminals and associated frequency

goencration equipment.,

In this report we have limited ourselves to the following immediate

ohicctives:

e Evaluate expected phase noise performance of various combinations
of existing modulation and terminal subsystems operating in the

Phase 11 DSCS.

® Use this insight to generate methods for specification of allowable

phase noise as a function of desired system performance,

To reach these objectives it has been necessary to evaluate effects of
phuse¢ noise upon (partially) coherent PSK demodulation performance and therebn
gawn insight into the dynamics of system performance. It is known that demodula-
tion of coherent PSK signals requires knowledge of the phase of the original
(unmodulated) carrier waveform. Estimates of carrier phase may be derived
from the received signal by the well known techniques of phase-locked loop

(PLL) theory. Here it is shown that optimum demodulation performance (i. e.,




minimum bit error rate (BER)) in the presence of phase noise and thermal noise
is obtained by optimizing the bandwidth of the carrier tracking PLL. Using this
technique, optimum demodulation performance for BPSK and QPSK systems is
derived for terminals conforming to phase noise specifications designated "'modi-
fiecd HT-MT" which is a modified version of an early DSCS HT-MT earth termi-
nal incidental FM specification (SCA-2080A; see also Figure 4-1 which appears
at the end of this summary). Results obtained also include the effects of ratc

1 2, constraint length 7, convolutional encoding with 3 bit, soft decision Viterhi
decoding, * Two other phase noise curves have also been synthesized, designated
cesium I1** and crystal II** (Figure 4-5), which are now considered to be real-
istic estimates of phase noise expected for terminal of the Phase I1 DSCS, Using
these three types of terminal phase noise sources and convolutional encoding;

an allowable interval of signaling rates are determined for BPSK and QPSK
modulation systems when demodulation losses due to imperfect carrier tracking
arc limited to 0.2 dB. Results are summarized in Table S-1 (found at end of

summary),

Subsystem Performance Evaluations

1. Using the "modified HT-MT'" phase noise specification, Table S-1
shows that inadequate phase noise performance leads to both mini-
mum and maximum signal rates even with the use of optimized
phase estimators when using convolutional encoding and Viterbi de-
coding. However, with the most recent estimates of phase noise
spectral densitics (cesium II and crystal II) expected for the Phase
11 DSCS terminals, the upper bound on signaling rate is far greater

than the data rates of interest,

*See¢ note 1,
** A roman numeral I has been used here to help differentiate current data
from that which appeared in a prior memorandum,

S-2
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System performance has also been determined for three modems
being designed for the Phase Il DSCS using frequency converters
conforming to the modified version of the incidental FM noise speci-
fication SCA~20%0A (Figure 4-1), and the synthesized phase noisc
data of Section 4 (Figure 4-7),

Expected performance of the Radiation, Inc., BPSK modem (MDD

921G) is summarized in Table S-2,

Results for the Raytheon, Inc. TDMA are summarized in Tables
S-3¢a) and (by when the modem is operated with a 100 Hz one-sided
PLL noise bandwidth and an optimized bandwidth, respectively,
Dramatic improvements in system performance are noted here for
a small increasc in system complexity caused by the use of a vari-

ablce bandwidth PLL.

Results for the Magnavox Research Laboratory, Inc, AN, USC-2~
spread-spectrum modem are presented in detail in. (1 In the cited
reference it is shown that the most critical performance require-
ments on carrier phasec estimation performaunce occurred at the
lowest information rates, where the phase noise of an improved AN
ASC-18 terminal would be similar to that of the synthesized phase
noise (cesium 11 of Figure 4-7) expected for the HT-MT (AN, MSC-G 0y
and the upgraded MSC-46 terminals., Therefore, at low data rates,
demodulation performance for the USC-28 operating with the above
(1

DSCS terminals will be similar to that given in' ' when this modem

is operated with the improved AN, ASC-18 terminal. At high frequency

offsets from the carrier frequency, the synthesized phase noise curve

(cesium 11 of Figure 4-7) will be better than that of the improved AN

ASC-1%; therefore at high data rates performance of the USC-28 with
the HT-MT or upgraded MSC-46 will be better than that shown in. i)




i’
3

Phase Noise Jpecification

A method of generating specification on oscillator phase noise has been
devised based on phase noise power in a band specification. Analysis reveals
that the shape of the oscillator phase noise spectral density is of secondary
importance to the area under the phase noise spectral density curve in the
region between the tracking filter 3-dB bandwidth (i.e., for a PLL this quantity
is fn) and the 3-dB bandwidth of the demodulator filter (for a matched filter
this occurs at 1/2 the PSK symbol rate),

The design specifications on phase noise power in frequency bands as a
function of demodulation losses for systems with rate 1,2, constraint length 7,

convolutional encoding and 3 bit soft decision Viterbi decoding are summarized

in Tables S-4, S-5 and Figure S-1,

Based on this method results are presented in Tables $-6 and S-7 which
are the desired Phase 11 DSCS terminal phase noise specifications for the AN

MSC-60(HT) "Follow-on" and the AN, MSC-46 ""Upgrade, "' respectively.

Finally, it should be pointed out that recent computer simulations on the
performance of rate 1/2, constraint length 7, convolutional encoding with 3 bit
soft decision Viterbi decoding performed at CSC indicates that the theoretical
loss versus phase error variance functional derived in {2} and used in this
report, may not be as severe as indicated, However, all of the phase noisc

specifications derived here are not unreasonable since they can be satisficd

with state of the art techniques,
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Table §-G6. Proposed Specification on Spectral Purity
for the Follow-on AN/MSC-60 (HT)

1.0 Speciral Purity
The total spurious countent added to any transmitted or received carricer, \
including phase noise and discrete spurious signals, shall not exceed con- l

dition= specified in the following paragraphs.

1.1 Spectral Purity for BPSK-QPSK

Total spurious content from both sides of the carrier at least 25 dB |

below the carrier level when measured in a band 0.6 Hz to 75 Hz
from the carrier frequency.

b.  Totul spurious content from both sides of the carrier at least 37.5

dB below the carrier level when measured in the following fre-
quency bands:

(b-1) 5 Hz to 16 kHz from the carrier frequency

‘ (b~2) 20 Hz to 76 kHz from the carrier frequency
| (b-3)» 200 Hz to 0.6 MHz from the carrier frequency
~-4) 1.7 kHz to 5 MHz from the carrier frequency

b-5) 7 kHz to 20 MHz from the carrier frequency

1.2 Spectral Purity for FDM FM

Total spurious content from both sides of the carrier measured in any

3 kHz bandwidth shall be below the carrier level as follows:

a. 57 dB minimum from 12 kHz to 20 kH,

b. 62 dB mimymum from 20 kH: to 3¢ kHe

¢.  65dB minimum {rom 30 kHz to 300 kHz

1.3 Specetral Purity for Burst Cohereat TDMA

Total spurious countent from both sides of the carrier shall be at least

37.5dB below the carrier level whep measured ip a band 23 Hz - 40 MH:

from the carricer {requency.




Table S-7, Proposed Specification* on Spectra)l Purity
for the AN/MSC-46 ""Upgrade' Terminal

1.0 Spectral Purity

The total spurious content added to any transmitted or received carricr,
including phase noise and discrete spurious signals, shall not exceed condi-

tions specified in the following paragraphs.

1.0 Spectral Purity for BPSK-QPSK

a. Total spurious content from both sides of the carrier at least 37
dB below the carrier level when measured in the following fre-

quency bands:

{a-1) 0.6 Hz to 75 Hz from the carrier frequency

(a-2) 1.8 Hz to 200 Hz from the carrier frequency

b. Total spurious content from both sides of the carrier at least 37.5
dB below the carrier level when measured in the following fre-

quency bands:

(b-1) 5 Hz to 16 kHz from the carrier frequency
(b-2) 20 Hz to 76 kHz from the carrier frequency
{0-3) 200 Hz to 0.6 MHz from the carrier frequency
(b-4) 1.7 kHz to 5 MHz from the carrier frequency

(b-3) 7 kHz to 20 MHz from the carrier frequency

1.2 Spcctral Purity for FDM FM

Total spurious content from both sides of the carrier measured in an\

3 kHz bandwidth shall be below the carrier level as follows:

|

|
i
|
|
!
!
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for the AN/MSC-46 "Upgrade' Terminal (Cont'd)

4
2
L' Table S-7. Proposed Specification* on Spectral Purity

‘ a. 57 dB minimum from 12 kHz to 20 kHz
1 b. 62 dB minimum from 20 kHz to 30 kHz #

- ¢. 65 dB minimum from 30 kHz to 300 kHz 1

1.3 Spectral Purity for Burst Coherent TDMA

. Total spurious content from both sides of the carrier shall be at least
37.5 dB below the carrier level when measured in a band 23 Hz - 40 MH.

from the carrier frequency.

*Specifications do not include effects of reference standard, Also assumes that
terminal phase noise is dominated by reference at frequencies below 200 Hz.
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SECTION 1 - INTRODUCTION

The need for specifications on phase noise arise because all information
conveved in a coherent PSK signal resides in phase changes added to an unmodu-
lated phase reference (carrier phase reference). The phase reference is,
alas, alwavs imperfect even at the transmitter since it always contains noisc
pcrturb;mons[:;'” characterized as phase noise for high frequency perturbi-
tions and long<erm drifts for low frequency perturbations. Because the receiver
has no a priori knowledge of these phase perturbations in time, the receiver
has to distinguish between the PSK modulation and the phase noise, Our
problem at the receiver then becomes one of estimating carrier phase perturba-
tions in the presence of PSK modulation and additive white Gaussian nois:

(AWGN . 926

A perfect reference is, by definition, physically unrealizable. Non-
realizability occurs because the parameters which characterize the reference
arc not truly constant with time but have random noise perturbations super-
imposed. Optimum performance in PSK systems demands that we estimate
phase noise fluctuations of the reference phase so that their effects can be
minimized, Since all information is contained in the PSK signal phase, amplitude
noise effects are only of significance when passed through devices which cause

amplitude noise to be converted to phase noise.

Estimation accuracy may be characterized in the mean square error (MSE)

. . 2 )
sense by the total phase estimation error variance o o The total error variance

tot.
is the sum of two terms: (1) a phase error variance due to the effects of thermal
2 2
noise¢ (rth‘ and (2) a phase error variance Gpn due to the inability of the carrier

phuse estimator to completely estimate the entire phase noise process on the

received signal,

141

i}




It is known that the phase error variance due to thermal noise is directly

5] Here

proportional to the noise bandwidth of the reference phase estimator.
we show that the error variance due to phase noise is inversely proportationa!
to various functions of the phase estimator noise bandwidth. (These inverse
functions are directly related to the phase noise spectrum present on the
reference signal.) Thus, a set of opposing constraints is given for minimizing
phase error variance resulting in an optimum phase estimator noise bandwidth

(optimum in the sense that it provides the minimum mean square error (MMSE i,

In this report considerable effort is directed towards derivation of this
optimum bandwidth, and thus the MMSE for systems using second order PLLs
of the power variety (squaring, quadrupling, etc.) or decision-directed feed-
back type, or pure second order PLLs when an auxillary unmodulated carrier
sinusoid is utilized. Since the order of an optimal linear phase estimator is a
function of the order of the oscillator phase noise spectral density, higher order
PLLs (i.e., 3rd or 4th) may be desirable in certain instances, however, the

anualysis could easily be extended with some additional algebraic complexity.

In the preceding we have focused attention on the fidelity of the carrier
phusce estimator as expressed by its total phase error variance d‘zot and we have
only hinted that this parameter is directly related to a demodulation performance
in 2 coherent PSK system. In the literature several analyses are a\'ailable.lz' 7ol
which show demodulation loss from ideal performance in a coherent PSK syvstem
when using a noisy phase reference. These analyses account only for thermal
noise corruption of the carrier phase estimator. Here the loss functionals
derived in these references are extended to include the additional degradations

caused by incomplete estimation of the phase noise process on the received

signal.

Furthermore, future communication systems (e.g., Phase 11 DSCS)
will be increasingly sensitive to errors in carrier phase estimation duc to the

usc¢ of forward error control coding (FEC). Because of the increased sensitivity

1-2




of PSK systems with FEC, it is of utmost importance to: (1) Obtain estimates
of all phase noise added to any coherent PSK transmission system, (2) Calculate
the exact performance (expressed in the sense of mean square error (MSE) by
the phase estimation error variance 02) of various carrier phase estimation
techniques in the presence of thermal noise (AWGN) and phase noise, (3) Apply
the phase estimation error variance to various decoding loss functions 2.7,5]

and thereby obtain deniodulation loss curves, and finally (4) Derive specifica-
tions on adequate phase noise performance for transmission and receive facilitivs

(of the Phase I DSCxs.

The use of FEC is suppressed carrier systems allows signaling at
extremely low energy per bit to noise density ratios, thus carrier phase
estimates must have additional signal processing gain to provide immunity
against a relatively large amount of AWGN. This leads to requirements for
extremely small bandwidths for carrier phase estimation and therefore

places additional restrictions on the allowable level of phase noise.

The problem of estimating coherent PSK system performance in the
presence of thermal noise and phase noise may be formulated more precisely
by the following mathematical representation. A typical receiver signal in a

suppressed carrier coherent PSK modulation system is:

rt) = V() + )

where
2k so(t) + 4
! = T i 2 . — “ ) + .
Vi \\O ((t)l sin r'yot = o(
and t
n(ty =  an additive whife{ gaussian noise (AWGN)
Vo = the nominal amplitude
v = the nominal frequency




m =  the maximum number of phase positions (e.g., m = 4 QPSK)

k = 0,1,,,m-1 determines the modulation angle in the interval {t, t - T]
V/ = an arbitrary but fixed phase offset
€(t) = an amplitude noise fluctuation

&é(t) - the phase noise fluctuation including all amplitude fluctuations

which have been passed through AM to PM conversion devices.

Assuming that %.(L’ <« 1, amplitude fluctuations can be ignored. Since
the constant angle U is ecither known or can be estimated, its effects may be
ignored, If the estimate of the phase noise term 8:3(0 can be made accurately
oo, |8$(t) - 8d(th<<dd(t)}, then the effects of phase noise can be minimized.
Of course carrier phase estimates 63(&) will be less than perfect since they
must be made in the presence of AWGN and, in the case of suppressed carrier
svstem, simultanecously in the presence of phase modulation. Errors in carrier
phase estimates which are induced by AWGN can be minimized by using an esti-
mator with long averaging time (small bandwidth). However, if the phase
fluctuations &da(t) contain high frequency spectral components with high energy
content, a phase estimator with short averaging time (large bandwidth) is re-

guired leading to a conflicting set of constraints and an optimum averaging

time (bandwidth) for optimum performance.




ha .

SECTION 2 - SYSTEM DEFINITIONS, PHASE NOISE TERMINOLOGY
AND THE IMPACT OF ANY COLOR PHASE NOISE ON PARTIALLY
COHERENT PSK SYSTEM

2.1 SYSTEM DEFINITIONS

In a complex satellite communication system such as the DSCS which uses
convolutional (rate 1 '2) and differential encoding together with M-ary (M : 2, 4,

PSK modulation, a common source of confusion is the terminology used by

different people to describe the same phenomenon. One designer's bits he-

come another designer's symbols especially for people concerned with coding

and modulation. Because the arguments for naming these items are extremely

convincing, depending upon the designer's area of expertise, the approach used

here will be to define symbols via a system diagram and let the reader change

the names to suit his requirements.

Figure 2-1 depicts the gencral system diagram. Since the main item of

interest here is the modulation-demodulation system, the term modulation bits

at rate Rm is used to describe the input transition rate to the M-ary modulator

which then produces modulation symbols at rate Rms' Hencefortl, unless other-
wise stated, all references to symbols or symbol rate refer to modulation

symbols and all references to bits refer to modulation bits as described above.

2.2 PHASE NOISE TERMINOLOGY

Another source of confusion may arise from the specification of oscillator

phase noise spectral density. 1In this memorandum the definition which has been

used is a 1-sided spectrum at low pass (at baseband) as defined by the symbol

Sdo(f) and in Figure 2-2(a). Other possible representations of phase noise spec-

tral density are given by Figures 2-2(b, ¢, d). Many hardware developers choose

to display phase noise spectral density by plotting only the upper sideband of
The ordinate is then referred to as single-side band noise to

No problems arise as long as it
{3}, 14)

Figure 2-2(d).
carrier ratio and sometimes denoted as [ (f).

is clear which spectral density representation is being used.

2-1
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2.3 GENERAL IMPACT OF ANY COLOR PHASE NOISE ON PARTIALLY
COHERENT PSK SYSTEMS

The introduction of this report has indicated that a demodulation perfor-
mance tradeoff exists between a design which efficiently tracks out phase noise
perturbations present on the transmitted PSK signal and a design that excludes
as much thermal noise as possible, A common misunderstanding in the design
and description of coherent PSK communications is that the effects of a white
oscillator phase noise process on the transmitted signal may somehow be
treated as an equivalent additive thermal noise at the receiver front end, The
distinction between these two phenomena may be seen from the following
arguments, Phase noise results from multiplicative processes which cause a
pure rotation of the phase reference relative to the PSK decision region struc-
ture. Since a rotation affects decisions on any transmitted PSK symbol in
precisely the same manner, i.e,, independent of the symbcl phase, it is
possible by estimating the angle of rotation of the phase reference to compen-
sate for phase noise effects. The phase component caused by the additive,
thermal, noise affects the signal in a different manner, That is, a particular
thermal noise waveform will cause a phase rotation the magnitude and direction
of which is dependent upon the received PSK symbol phase. Therefore, phase
rotation of the reference caused by thermal noise cannot be removed in a way
that is independent of the receiver symbol sequence as in the case for carrier

phase noise.

Since the ultimate aim is to coherently detect the transmitted PSKk modu-

lation angle (data symbols) with as few errors as possible, it is desirable to

maximize tracking of the carrier phase noise process (including the flat (white)*

portion of the spectrum) simultaneously excluding as much additive thermal

noise as possible,

*Of course if the entire oscillator phase noise spectrum is flat (white) and
high level, the discussion of coherent system is absurd.

2-4
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It is shown in Section 3 and in [6) that the demodulation process usually

involves a matched filter or integrate-and-dump filter which suppresses the
effects of errors in the carrier phase reference at frequencies beyond one-half
of the PSK symbol rate, Thus, the most desirable carrier phase tracking
system should track as much of the phase noise process (including the flat
portion of the phase noise spectral density) as possible, within a bandwidth
equal to one-half of the symbol rate, simultaneously excluding as much additive

thermal noise as possible.

It is tacitly assumed that when designing a coherent PSK system the design
is ultimatelv limited by thermal noise effects on the phase reference rather than
by phase noise. That is, by increasing the carrier tracking system bandwidth,
in an attempt to track all the desired carrier phase information, additional
additive thermal noise enters the system degrading the coherence of the carrier
phase reference and ultimately increasing the total demodulation loss. Thus,

a trade-off in carrier tracking bandwidth may be established which minimizes
the total demodulation loss due to the untracked portion of carrier phase noise

and that due to thermal noise corruption of the carrier phase reference. The

preceding results are derived analytically in Section 3.
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SECTION 3 ~ EFFECTS OF ADDITIVE GAUSSIAN NOISE

AND PHASE NOISE UPON COHERENT PSK DEMODULATION

3.1 ANALYTICAL STUDIES AND TRADEOFF ANALYSES

Multiplicative noise on the received signal and its residual effects upon
(partially) Coherent PSK signal demodulation are investigated in this section. The
multiplicative noise or phase noise originates from frequency converters (mix-
ers) in which the signal is multiplied with another signal containing either phase
noise or additive noise which causes phase noise as the signals are multiplied.
Another source is AM/PM conversion that is produced by certain system com-
ponents, e.g., TWTs, The phase noise process generally includes both random

and deterministic components (spurious signals),

The statistical information about phase noise is generally limited to the
second order statistics, i.e,, the phase noise process is specified by its power
spectral density, By using &-function formalism one can also include the
spurious components in the density spectrum, Based on physical characteristics
of signal oscillators (3} the power spectral density Sé¢ (f) of the phase

nolse process o(t) is of the form

=

tofes
+

by

S fy¥ h .— - continuous spectrum
6¢( ¥ 0 p

'

f

,
o™

N 2
65 6(f—fk) H
k:1 2

discrete spectrum

Here Sbo(f)isdeﬁned as the one-sided (f > 0) spectrum that would be obtained if
the oscillator output signal was coherently demodulated (translated to baseband!
by a perfect reference signal, The first four terms containing values of {l\v}

specify the continuous spectrum, while the {sz’z} are the powers of spurious

signals relative to the total signal power at the offset frequencies fk.

3-1
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However, in many cases the output signal from an oscillator is filtered to re-

duce the phase noise power thereby modifying the spectral representation.

We are not directly interested in the phase noise sources but rather
the resulting phase noise (multiplicative noise) present in the received sig-
na! influencing the PSK symbol demodulation. In general, the phase noise
process of the received signal will have a power spectral density with spectral
components given in Equation (3-1). Therefore, the spectral density Séo(f’ of the
phase noise process o(t) at the receiver input lends itself to the determination of
the influence or degradation of the PSK demodulation performance since from it
the phase error variance at the point of the symbol decision can be obtained.
With this variance at hand we can determine the equivalent power loss caused by

the: phase noise in accordance with [2], [6])-]8].

First, assume that PSK demodulation is performed with a carrier refer-
ence which is not corrupted by thermal noise but does not contain information
about the phase noise process on the received PSK signal, In this case the

o
phase noise variance 0~ due to phase noise at the symbol decision point is given
pn

by
2 @© 2 .
- (3-2)
opn ({ Séo(f)l M| " df

where Mif) is the frequency transfer function of the PSK demodulator (usually a
matched filterr, Equation (3-2) is an approximation that is valid when the am-
plitude of the phase noise process o(t) is small, A few simple relationships

show how Equation (3-2) is derived, For an arbitrary phase angle 6 we have

ei[e S ot] eie‘ eno(t)

e

%11 - i) (3-3)

provided (1) < <1, With the impulse responses m(t) of the filter M(D being

normalized so that [ mty dt 1, i.e., M(0) - 1, the output of the detection filter
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2 e (1-ifmt-m7oemdn

w

explilf - [ m(t - 1) g(1) dr}; (3~
since 0h < < 1 also implies that [ mt - 7) p(7) d7 < < 1, This shows that the
demodulation filter acts as a linear filter on the phase process o(ty, provided
the amplitude of ¢ty is small,

A common receiver implementation uses an integrate and dump circuit as

a detection filter, The integration operation

g .
. o s .

g
Ts
1
.. T [ e (3-5)
N s 0
i‘ :
over the modulation symbol period Ts corresponds to the filter characteristic
k.
[ .
8! smnfTs T as
- My - T " e s (3-61
nf TS

With this detection filter Equation (3-2) takes the form

Y @ sinnf’l‘s 2
On 1 Spolf nT_ af (3-7)

0

2
An attempt to evaluate this integral with Séo(f)according to Equation (2-1) will

vield an unbounded variance oin unless h1 h2 - h3 = 0, Since a1 least one of

3 ' these parameters will not vanish in a real svstem application, a system using a
' ' carrier reference which does not contain information about the phase noise pro-
cess on the received PSK signmal is impossible. 1t is obvious, however, that

noise would have no effect if the carrier reference signal tracked the phase
noisc perfectly to remove its influence,

A phase-locked loop implementation of the carrier reference signal will

track slow changes in the received carrier phase and will therefore at least

3-3




partially track the phase noise process, Increased tracking ability is obtained

by increasing the phase-~locked loop bandwidth, However, this will make the
phase estimate more noisy due to less filtering of the additive channel noise,
Therefore, a trade-off between phase noise tracking and filtering of additive
channel noise is required to determine the optimum phase-locked loop bandwidth
that will vield minimum performance degradation in the PSK demodulation pro-
cess. To perform this trude-off analysis we have to consider the particular
frequencey characteristic of the phase-locked loop as well as its resulting noise

bandwidth, B .
(&)

Now given the closed-loop phase-locked loop transfer function H(f), the
spectral densities at various points of the phase-locked loop and demodulator
circuits can be determined (see Figure 3-1), The spectrum associated with the
input phase noise process at various points is obtained by multiplyingséwu) vy
the absolute square of the frequency transfer function to the specific point of
interest, In particular, the phase noise spectrum at the input to the symbol de-

modulator fiiter is given by
Seoll)] 2 -
setD1 1 - H(f) | (3-5

The additive Gaussian noise w:ll also cause phase noise via the phase-locked

(3

loop. Its spectrum at the demodulator filter input is

N 9
0 2
TR \HO | >0 (3-91
s s

where E RS equals the received carrier power, Thus at the mixer output before
s

the demodulation filter we have the total phase noise density

N

2 o
Séq,(”;l'ﬂ(ﬂi ‘ET IH('ﬂ[z
8 s

(R=1h

This implies that the total phase noise variance at the output of the demodulator
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partially track the phase noise process. Increased tracking ability is obtained
by increasing the phase-locked loop bandwidth, However, this will make the
phase estimate more noisy due to less filtering of the additive channel noise,
Therefore, atrade-off between phase noise tracking and filtering of additive
channel noise is required to determine the optimum phase-locked loop bandwidth
that will vield minimum performance degradation in the PSK demodulation pro-
cess, To perform this trade-off analysis we have to consider the particular
frequency characteristic of the phase-locked loop as well as its resulting noise

bandwidth, B .
©

Now given the closed-loop phase-locked loop transfer function H(f), the
spectral densities at various points of the phase-locked loop and demodulator
circuits can be determined (see Figure 3-1), The spectrum associated with the
input phase noise process at various points is obtained by multiplyingséq)(t; ny
the absolute square of the frequency transfer function to the specific point of
interest, In particular, the phase noise spectrum at the input to the symbol adr -

modulator filter is given by
Sk ()] 2 .
60( )l- H(f)( (3-%

The additive Gaussian noise w:ll also cause phase noise via the phase-locked
3

loop, Its spectrum at the demodulator filter input is{ }
N 2

{HO 7 (>0 (3-M

E R
s s

whe re ES Rg equals the received carrier power, Thus at the mixer output before
the demodulation filter we have the total phase noise density

N
0

ER
S s

2
Sgp M 1-HD 2. | HD 2 (3-101

This implies that the total phase noise variance at the output of the demodulator
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filter, an integrate and dump filter, is given by

2 2 2 (3-104a,
- -0
0 tot opn th
where
2
5 © sinmf TS
= fy 1 = " — (3-10h
opn f Sdo( ). 1 -~ Hib I T df )
0 s
and
0 @« I\o . 5 sinnf TS a
Oth f E R \ (ﬂ \ nfT (3-10¢)
0 s S [

Figure 3-2 shows the general characteristics of | H(f \2 and ;1 - H(f 2and
indicates that the effect of Séo(f) is reduced for low frequencies since |1 - H(f)|2
approaches zero for decreasing frequencies. In other words, the phase-~locked
loop partially tracks the low frequency components of the phase noise process.
The more the low frequency region is suppressed by |1 - H( \2. the less the
phase noise variance oinresulting from the phase noise process ¢(t). On the
other }land, this increase will make the variance °t2h larger since the area under

 H@ 7 will be larger. Therefore, to minimize the total variance o tot’ the

closed-loop filter characteristic H(fy should be judiciously chosen,

In general, Séo(f)will contain the f-3 component |i.e., h3 > 0 in Equation
(3-11] that suggests that |1 ~ H() ]2 should approach at least as fast as fa. This
requires a second- or higher-order phase-locked ltoop implementation, Con-
sidering that we know only that the phase noise spectrum Séw(f)is dominated by a
spectrum of the form in Equation (3-1), a good system solution is given by a

< 2 )
filter that makes |1 - H(f)| maximally flat at f = 0; '"Butterworth filter."

A second-order maximally flat PLL filter defines
4

f
\1-H(m2 T a
f - f

n

(3-11
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Figure 3-2, Frequency Characteristics of a Second-Order
Phase-Locked Loop with Damping Factor - 0,707
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which is consistent with the characteristic

fi 12 f 1
H) — (3-12)
. e
n n
making
2 2 2
o fn (fn 21
VH(D | (3-13.
g
n

Here f is called the corner frequency of the loop and Equation (3-12) represents
a second-order loup. Higher-order PLLs may also be considered, i.e.,

2 12k e 2k 12k . .
l 1 - H(H l = «(fn + ). Such loops are sometimes plagued by stability
problems and since a second-order loop can handle f“3 phase noise it represents

a good system choice. Equations (3-11) and (3-12) are plotted in Figure (3-2).

The loop bandwidth B‘;J is directly prop.:rtional to the corner frequency fn'

It is defined as the equivalent noise bandwidth of H(f), that is,

> 2
B - [ (H(® df
¢ 0
@ 4 {
f 1 2\4 dv (v - ™)
n 0 1:v n
f . ?.H_i; f . 3.33
n 4 n (3-14

Since fn is directly proportional to the loop bandwidth Bo, the transfer
function H(f is indirectly specified by B‘p so the task of minimizing the total
phase noise variance 0 reduces to one of finding the optimum loop bandwidth

B._.
(&

tot

Up to this point, no consideration has been given to the fact that the phase-

locked loop must be implemented to operate on a modulated signal (except for
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auniliary carrier systems), For power loops, Equation (3-10b) is unaffected but
\ Equation (3-10¢) should be multiplied by ng, the degradation factor associated
with power loops, (6] Similarly, in the decision feedback implementation casec,
) - Equation (3-10¢) is modified by the multiplier ng for decision~feedhack 1001),(8 191
= In any case, optimization of loop bandwidt}l requires minimization of the
b !
P - total phase noise variance at the decision point, Total phase noise variance at
\ the decision point mav be written as:
i
= 3 N 7
1 2 - 0o O |4 f2
] f-A -2f A -15
H 9 ot “ thj+ E R [n 4 n 2] (313
i jo s s
R
. where:
g -j 2
. T gsinmeT N
X Ai / 1, 4 e —— (3-161
! ; 0 [ 4f 7{T
§ n §
. and i 0,1, 2, 3.1

Evaluation of integrals Ai is simplified by letting 2 = 7 fn Ts and v - f fn

giving:
i1 LI T . 2
j- v sin av
| fr A [ — (‘_—‘ ) dv 3-17)
4-] n j 0 1'\'4 Q)
‘ Integrals Ik (k  4-j) have been evaluated in Appendix A taking into account
that the greatest interest is for small x-values, Results are tabulated below,
, ( -1 I mnill 1 12
. Ao'n PRI Y . B WA T
1 2
I - -0,24 - 1,042 - ...
A] 3 n b

Mo/ 2 242
an_)f.'-’lz' 4 [- q - "']

*Sce also Appendix A.
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fn A, = L 0. 3 me ...

A =1 "——‘/511 1.k .
n1 = 0T Ty 3" i ol

For small 5 values substitution of Equations (3- 1% into (3-15) gives the

total phase noise variance at the symbol decision point

2 " 1 2 0,53
- ——e TR - — —_—
T TR LOR L/ S o irr 2
n
N —
0 710 . 314/ =19
TER ' 4 tam i
s s
- B
) 3. 2 . -1 1
Since B { and = nwf 1 7f R P —-‘2, we may rewrite
Q n n s n s 342 Rs
Equation (3-1%) as
o R Rs
- = .
= —_ 0, ¢ —_—
[s) o1 h“ g h] .3 v LR B
©
N B
3.70 9,22 "o ¢
th, ™ i~ 4 ER T 1320,
(%] B s s
(&}
2
The optimum handwidth B that minimizes the total variance 0 oy €80 be
&) o

found trom this expression, Setting the derivative of o—tot with respect to R

cqual to zero the optimum value of
ER_
B - B 7 h ——
© ot3 ™ N7 13- 21
[ I Vo

B, represents the optimum bandwidth, where

N 1 a_a9
B = < {e+rVNa -an') time-
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B“ —~ 24 H cos 7 Aarceos (————;) 13=92h,
2 W
otherwise Here
] 1 -2
H = 3 (h2 ts hl) 13-20)
and
G - 2 ‘h{{; h2 hl~+ > hll (3-24,
with
= ES‘RQ
h h, T 13-25
1- N -
1 ono
E R
h h 3.7 S S (3-26)
_) ) 1] [ N O= 20
OnO
_ E R
h, = h_ o, 22— (3~27)
3 3 . '
1\0TIO
Generally, the optimum bandwidth selution is approximated by
sfT A
B¢ i ha S ho (3-2%)
1

for the very L symbol rates R . By increasing symbol rates the optimum
~

solution of Equation (3-211 is ¢losely approximated by

1 - -2
BO S hyea/hy, hy /4 1 3~20)
that finallyv will approach
B = h 3-10)
o~ M ‘
-11
.= A

o T
g
B
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This general trend implics that systems operating at high digital rates will not be

-3 .
plagued by f 7 phase noise because it is effectively tracked out by the phuse-

locked loop.  Having determined the optimum loop bandwidth, one can calculate

the resulting total phase noise variance according to FEquation (3-20),

Before applving this optimization technique to available phase noise duta,

it is of great value to present the method by which the optimum choice of the

loop bandwidth distributes the total phase noisce variance hetween that due to

phasce noise on the received signal and the thermally induced loop phase noisc,

For this purpose we consider a simplified model of the total phase noisc var.ance

given by
2 H ] . n_n
o — o1 T Lx (s > 1) : RS >> \‘l 13=-31
(s-1 x
where
H
h = —
]s s-1
and
D] R
2 q S
0 = h1 .3<:,n7 +Lx (s D (=52

and where x is proportional to the noise bandwidth of the loop (see Equation (3=20,

In other words, we are optimizing the bandwidth of a phase-locked loop in the

-S i
presence of f 7 noise tthe

noise the Lx termy,

H R
term or the hlln —_8 term and additive

(s=1 x° X
L 2 .
The value x  of x that minimizes 0~ is the solution ot
S

-

00" H
bx:-\s+l' ] (s> 1 N

]
]
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by - " L=10 (s 1) )
vichding
x o THL s 3-35
and
xl < hl/l‘ ‘S:J) (.»‘3")!

For = > 1y the optimum solution distributes the total phasce variance (at
the svmbo! decision pointy between the untracked portion of carrier phase noise
and that due to thermal noise in the proportion (1 s) to (s-1) s giving the mini-

mum total variance

o= ( - )L.\,‘ - = f}iLs'] {(s>1) (3-371

For (s~= 1) the optimum solution is slightlv more complicated due to the

very slow roll off in power for a 1 { type phase noise density, The minimum

total phase noise variance is obtained using Equation (3-32y,

R R
2 s } s ~- (
_ o _s . —>> 1. 3=
CJ'1 = hl 3 4 N 4—1‘\1 l 5 (3=0%
1
and vsing Fguation (3=361 gives
, { R | R (R
vl = h ol = F1 h, fvo s —— =~ ] (3=R40
P ORI vy

For anv typical coherent PSK svstem it is reasonable to assume that the

ratio of modulation symbol rate to PLL bandwidth (R N will be at least > 5
s

and 1s tvpreally - > 10,00 Assuming R N 5 or equivalentlyv. (R N 1.6
b s

* I the optimum bandwidth xy = R there 1s no reason to design a “coherent” PsSk
svstem since there would be no advantages acerued over performance obtainable
from a diffcrentiatly coherent PSh syvstem which would be much simpler to 1m-

plement,
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and using Equation (3-39) the optimum solution distributes the total phase noisc
variance between the untracked portion of carricr phasce noise and that due to ther-

mal nvise in the proportion y to(1~-y) respectively where (L65<Y< 1),

In the preceding analvsis, the optimum tradeoff between colored phase
noise hi/fl‘i ) 5 and thermal noise has been determined,  As discussed in
Section 2 oof thi‘s report, the tradeoff between allowable white oscillator phiise
noise and additive thermal noise is perhaps the most misunderstood pro-
cess, 1t is hoped that the following simple discussion will elarifv any conceptual

dittieulty,

Fquation (3-20) shows when the oscillator phase noise process is dominated

by white phase noise fi.e., h() >>> hi’ i1 =1, 2, 3)the total phase error variunce

becomes:

. R, NB,
- S >
— —~— 3-10,
9 ot = Py 3 +ESR s R
s S

However, the first term on the left is an approximation of the filtered
white phase noise process which onlv holds when the PLL corner frequency 1'n
1s much less than the symbol rate R . When this condition does not hold Equu-

tion 3-401 should be given as:

: (Rq ) N B
- S [
o -~ — —— 3-- t
o= P \T L)t EROTL (3-41
s s

whoere at is assumed that

R /2>
s n

and that (RR/B - fn) is the 3~dB bandwidth of the composite phase noise filter

consisting of the PLIL filter and integrate-and-dump filter.

A verv interesting result is obtained by a simple rearrangement,

Noting that B % 3,33 fn (second order PLL, =.707
© $
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R N\

- h =S pB (1 - S
O =Ry T HINE R o 3.33
5 s

From kEquation 3-42) it is seen that by a judicious choice of purameters
it is poxsible to cause the hracketed quantity to be positive, negative, or zern
thus indicating that by increasing the PLL bandwidth BO with a fixed symhbo]
rate l(g, it is possible to cause the carrier reference total phase error variance
to increase, decrease, or remain the same, respectively,  Of course this only
holds when (n - Rs 2 which is a usual requirement for coherent PSK demodula-
tion,

If 4 set of parameters given are such that the bracket guantity is negative,
and the optimum PLL bandwidth thus approaches the symbol rate (moise averaged
over only one symbol duratiom it is obvious that coherent PSK demodulation holds
no advantage over differentially deteeted PSK since all of the noise of the pre-
vious hit interval will appear on the phase reference, Should this situation occur
it would be wise to switeh to a differentially detected PSK modem and remove the
differential decoders normally used to resolve the phase ambiguity problem in

coherent PSK systems,

The preceding results are summurized in Table 3-1 which gives the rela-
tive phase noise distribution for various s-vilues that occur, The results of this
optimization also indicate, for example, in the case of dominating £ phase
noisc, the loop handwidth should be set so large that only one-third of the total
phose noise originates from the carvier phase noise,  In addition, even though
only one phase noise chiracteristic was considered here (I-S phase noised,
it is clear that from a bandwidth optimization point of view the important
constderation is the characteristic of the phase noise about the corner {requency
fn of the toop (see Fquation (3-190, From a purcly analytical point of view, it
can be argued that the only things that matter to achieve the MMSE s the dif-

ferential gain or loss of the total phase noise variance obtained by varving the

loop bandwidth.
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3.2 ANALYTICAL DIFFICULTIES AND THEIR RESOLUTION

The analvtical optimuzation procedures deseribed in the preceding scction
assume well behaved spectral density shapes with monotonically non-incercasing
densityv versus frequencey and also assume integer values for the exponent vhich i
describes the stope of the phuse noise curve, It hecomes aoparent, howeer, 1
from moeasured pevfornance data that various filtering techniques used in real i
caquipment du not alwavs provids such well behaved phase noise spectra, e }
techniques are available to supplant the preceding analvsis when neces<ory,

{11}

(me technigue which is currentiyv available is a graphical solution to the :

cquations of the preceding scction «computer integration) and the second tech-

5
12) The state

nigue is a state variable solution to the phiuse noise problem.
variable solution als=o provides the capability for studving the effects of tim
gated operation, required for TDMA systems. However, computer graphical i

procedures are perhaps the most straightforward and can be accurate for THMA

svstems over a specified range of parameters as discussed in Paragraph 5.0 of

this report.
In anv event, the solutions derived in the preceding scetion provide great
! insight into most of the systematic variations experienced. In the following

sections, any one of the preceding analvtical tools is used depending upon

which is judged best for the particular application.




SECTION 4 - OPTIMUM PERFORMANCE OF BPSK AND QPsh

SIGNALING WITH VITERBI (RATE 1 2, K 7y DLCODING IN il
PRESENCE OF OSCILLATOR PHASE NOISE EXPECTY D
FOR TERMINALS OF THE DSCs

1 OPTIMUNM PERFORMANCE RESULTS WITH THRMINALS OB YING | H
TH-MTTAODIFIED PHASE NOISE SPLCHFICATION

te

Since the advent of pructical coherent PSK modulation techmique~ for the
DSOS hus been refatively recent, the oricmal 7 phuse noise specification- for
the HT=-MT carth terminals of the DSOS were derived fron an incidents] T'M
model as stated below in o paracraph from SCA-20~04A,

Incidental FAML, Transmitted carrier and receive carriers after frequency

translation shull be spectrally pure so that:

Al X fn is not ercater than 2 Hz squared for values of fmlx't\wcn 1.0 Ha
and 2o Heoo For values of fm above 2u Hv, Af shall not exceed .1 H. to
the value of fm where the single-sided phase noise density to siegnal ratio
cquuls =105 dB, The =105 dB single-sided phase noise density to signal

ratio ~hall not be exceeded from 1o KL to v2. 5 MHe on either side of

carricr Af  peak deviation of the carrier deviation rute,
1

Using this model the HT-MT single sideband phase noise Lo was dernved 31
and is shown in Fiaure 4-1, It is known, however, that the f“} phuse neise mndi-
cuted in close to the carrier is unrcalistic given currently available oscillators
and that this tvpe of spectral shape is due to the assumed validite of the incident.dd
FAF madel, Pregueney synthesizers are known to provide an f-1 density closc

to the carrier and are ultimately limited by the effects of either ervstal or atoae
standards which exhibit f—:{ phiase noise characteristies extremely close to the
carrier, Thus, the HP-MT specification has heen modified for the purposos ot

thi~ memorandun as shown by the broken line curve of Figure 4-1 labelled 111 -

Al -modulation,

b
b
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Based on this moadified specification, the total phase noisc variance given
hy Fquation (3-20) has been determined using the optimum bandwidth <olution of
Fquation (3-21), The variancce has been calculated using both decision-feedbuck
and power loop implementations for two and three times the terminad phuase
noisc according to the specification, since two terminals and one satellite ure
alwavs involved.  This culculation is used because reliable phuse noise data
about the satellite is not available.,  (Some very sketehy and incomplete infor-
mation pertaining to the satellite phase noise is available, but by nezlecting the
satellite influence and equating the satellite as once terminal, the influcence of
the =atellie can be assessed, v Figures 4-2 throuch 1-5 illustrate results for
two and three terminals, power PLLs, decision-feedbuck toops, and also for
both BPSK (M = 2y and QPSK (M - 4) operations, Demodulation losscs have been

plotted s a function information hit rate Ri for ~-level soft decizion (3-bit,
)

1
rate 1 2, constraint length 7, Viterbi decoding followed by differential decoding

-

with o resultant BER 1077,

A loss cutoff of 0,2 dB has been drawn in the figures to indicate allowable
recions of operation for the various configurations. The upward trend in the
loss curves with high data rates are caused by the white phase noise floor shown

in Ficurce 4-1,

Figures 4-2 through 4-5 show that when carrier recovery is proviaed by
decision {feedback loops a reduction in demodulation losses is obtained as com -
parcd with results for power loop implementations, However, siynificant
improvement is only obtained with QPSK with negligible improvement noted with
LSk,

Table 8-1 contains a summary of permissible (0,2 dB maximum loss
rate = for two terminals and one cequivalent satellite all conforming to the HT-

M1 omodulation phase noisce specifications (Figure 4-1),
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Tables D-1 through D-x provide back-up datu for the results shown in

Figurcs 4-1 through 1-5., Howcver, the tabulated results are expressed as u
function of modulation bit rate Rmb as comparcd to information bit ratc R”
)

shown in the figures where the two parameters arce related as:

= R 2
Rib mb

In the tables the optimum bandwidth, total phase noise variance and its
2
two components (thermaliy induced loop phase noise O—th and the untrucked
e . 2 .
portion of the composite oscillator phase noise-spectrum ¢ pn) are given as

a function of the modulation bit rate.

Also tabulated are the demodulation losses that would be experienced
when using =-level soft decision (3-hit), rate 12, constraint length K = 7,
Viterbi decoding followed by differential decoding based upon two different
approximations to the probability distribution of phase tracking error experi-
enced in a PLL. " Results based on a Gaussian approximation : are easilv
calculated but are only valid for small losses as shown in the tables while the

-~

results using a Tikhonov approximation =~ - are valid when the losses are less

than 6 dB. .

4.2 OPTIMUM PERFORMANCE WITH REALISTIC TERMINAL PHASE NOISE

4,2.1 Phase Noise Synthesized Using Comtech Lab,, Inc., L-Band Oscillator,
Fluke Frequencey Synthesizer and Sclected Atomic and Crystal Stundards

Figure 4-6 shows the gencral structure for deriving a 7300-AH. signal
from a 5-MHz standard and Figurce 4-7 shows their corresponding single side-

bhand phasc noisce densitics at 7=0d¢ Mz, *®

*See Appendix A, "
* It should be noted that for straight frequency multiplication, 10 log M~ (dR)
where M new frequency/old frequency is added to original specifications

when required,

4-n
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The Hewlett Packard HP 5061 A (15)

and the Oscilloquartz SA B5400
have been chosen as representative of state of the art portable cesium heam

standards and high quality crystal references, respcctively,

As poted by Hewlett Packard, 60 second time constant operation- (sec
Figure 4-5) requires a carefully controlled environment. Therefore, for ficld
operations the 1 second time constant operation seems practical, Since it is
expected that the optional (004) beam tube may be used in the Phase 11 DSCS,
results obtained here will pertain only to the optional 004 beam tube with a1

second time constant,

At this point in time it is not known whether the Oscilloquartz B5400
crystal could meet its specified performance (Figure 4-7) under field conditions,
however, for the purpose of illustration it will be assumed that these conditions

can be satisfied with adequate margin.

A Fluke 6160 A AO frequency synthesizer has been chosen as representa-
tive of high quality synthesizers and provides the required flexibility with res-
pect to frequency assigonment, It is assumed that the standard drives the synthe-
sizer and only wideband phase locking (100 kHz) is involved within the synthe-
sizer. In accord with discussions between CSC and a Fluke representative, and
as verified by Comtech, a three-pole filter with 3-dB corner frequency at 2o

Hz exists within the synthesizer,

Single sideband phase noise data for the Fluke synthesizer has not been

shown directly in Figure 4-7. However, it is incorporated in the measured

116)

data provided by measurements of a Comtech Lab, L-band oscillator driven

by a Fluke 6160A, AO synthesizer and the measured data is shown by the dotted
16 -
curve of Figure 4-7 designated here as Comtech (Wideband !\lodm.I ' Using
{16] and Fluke data, the dotted curve below frequencies ~100 kHe is dominated

by synthesizer noise and above 100 kKHe is dominated by L-band oscillator noise,

*This time constant refers to the bandwidth at which the internal 5-MH: crystal

is locked to the cesium beam tube,




Mceasured data provided by Comtech Inc. is valid in the region 10 He -

10 MH2 and since phase noise data is required beyond 10 MHz it has been

2
assumed that as a worst cusc a phase noise floor exists at =133 dB rad™, He,

In summary, two synthesized phusc noisc curves (labelled “cesium 117
and “crystal ' in Figure 4-7) will be evaluated for generation of 7200 MHz
frequency up conversion or down conversion chains, The cesium 117 curve
corresponds to 4 frequency ~onversion chain driven by the HP 5061 A with
optional (0t cesium beam and with 1 second time constant.  The resultunt
sinele sideband phase noise is shown in Figure -7 and consists of three sce-
tions with frequencies below 300 He domiinated by the atomic standard fre-

quencies from 300 Hz-10 MHz dominated by the synthesizer L-band oscillator

combination and above 10 MHz given by the assumed phase noise floor,

The second phase noise curve (designated “crystal 11" in Figure 4-7)
corresponds to frequeney conversion driven by the Oscilloquartz SA B5400
crystal as shown in Figure 4-6. The resultant single sideband “crystal 11
phasc noise curve consists of four sections with frequencies helow 2 Hz domi-
nated by the erystal standard, frequencics between 2 Hz-300 Hz being a com-
posite of noisc from Fluke 6160A AO synthesizer and crystal standard and
frequencies above 300 Hz are as described for the "cesium I1" curve, -

4.2.2 BPSKk and QPSKk System Performance Optimization With Synthesiced
Phase¢ Noisce Data

To our knowledge as of March 1974, single sideband phase noise curves
“cesium 11" and “erystal 11 generated in Paragraph 4,2, 1 represent the most
current estimates of terminal phase noise at 700 MHvz which is expected for
the best terminals currently under consideration for operation in the Phase 11

DSCS. Therefore an extensive set of data (Fipures 4-% through 1-11 and Tables

* A roman numeral 1 has been used here to differentiate this most recent data
from that which appeared in a prior memorandum,

4-12
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D-9 through D-17 has been generated to indicate possible demodulation perform-

ance for the Phase 11 DSCS,

Figures 4-8 through 4-11 illustrate demodulation losses as a function of

information bit rate Ri at the optimum bandwidth for two and three times the

b
indicated phase noise ('cesium 11" or “crystal II', respectively.
As before it should be emphasized that the tabulated losses are a function

of modulation bit rate Rm while in the figures the losses are plotted as a func-

b
tion of information bit rat¢ R, where R =R duc to the rate 1 2 coding
ib ib mb, 2

-~

procedure.,

Results using "'crystal 11" phase poise are presented only for the case of
phase noise contributed by two terminals and one cquivalent satellite since
these results indicate that adequate performance (<0.2 dB loss) is achieved
with all configurations (see Figure 4-10 and 4 -11) over the required range of

data rates,

It should be noted that results in Figures 4-8 through 4-11 do not indicatc
a maximum information rate limitation within the indicated range as experienced

for results obtained in Paragraph 1.1 (see Figures 4-4 and 4-5), This result is

9
due to the reduced phase noise floor of -153 dB rad™, Hz (Figure 4-7) for “cesjum

II'"" and "crystal 11'" phase noise as compared to a phase noise floor of -1u5 dB3
radz, Hz (Figure 4-~1) assumed for the HT-MT modulation phase noise, Of
course, if the -153 dB radzg'Hz floor persisted to higher frequencies and if sig-
naling were required at higher data rates the same upward loss trend at high

rates would be repeated.

Minimum and maximum data rates possible for the three terminal phase
noisc contribution cither "cesium I or “erystal 117 have been summarized in

Table S-1,

Finally, since the data in Figures 4-s through 4-11 and Table S-1 repre-

scnt demodulation losses for phase noise contributed by two terminals (no

4-17




satellite contribution) and two terminals plus one equivalent satellite, the data
provides upper and Jower bounds on expected losses. However, it is desirable
to measure actual satellite phase noisc to provide a more exact picture of

expected demodulation performance losses in the Phase 11 DSCS,

-
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| SECTION 5 - DEMODULATION PERFORMANCE OF CURRENT
- MODULATION SYSTEMS OPERATING IN THE PRESENCE OF PHASFE
! NOISE IN THE PHASE I1 DSCS

5.1 RADIATION INC. BPSK (MD-921 G)

Radiation Inc. has recently designed a BPSK modem which is expected to

Al L.

be operated with the following earth terminals of the Phase T1 DSCS:

MSC-46 “Upgrade™

e -
—

HT-MT “"Follow-on"

e an
1o

3. TSC-54.

Y Since cach of the above earth terminals are expected to be operated with
Comtech Lab. up- and down-converters or terminals meeting the HT-MT
phase noise specifications, phase noise associated with each terminal may be

{ adequately described by the curves labeled modified HT-MT of Figure 4-1 aod
“cesium I17 or “crvstal 1" of Figure 4-7.

The Radiation BPSK modem has been designed with a power tvpe carrier

recovery PLL with a fixed bandwidth B, = 175 Hz and damping factor { = 1.0.

Figures 5-1 through 5-3 have been generated to indicate expected performance
, of this modem operating in conjunction with soft* Viterhi decoding in the presence
F of the modified HT-MT Type “'cesium [1'" and “crystal 11" oscillator phase noise

» densities. Tables D-18 through D-23 contain the numerical support for these

‘ figures.
As in the preceding sections, data rates listed in the tables are expressed

as maodulation bit rate Rmb while the data rates shown in the figures are infor-

= R 2 (see Figure 2-1).
m ( gu

mation hit rate where Rib b

* See note 1 of Annex.
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It may be noted in Figures 5-1 through 5-3 that a 0. 707 PLL damping
factor has been used to generate expected svstem performance data even though
it has been stated that the Radiation modem has a PLL damping factor of 1,0,

This change was effected here solely to reduce the costs associated with com-

puter integration of Equation 3-10b, As stated in [11], a considerablce increase

in computation cost is required for PLL dimping fuctors besides 0, 707, A
comparison of curves of Figures 5-2 and 5—4 (see also Tables D-22 and D-24,
indicate that only a small improvement in demodulation performance is obtained
with a PLL damping factor of 0.707 as compared to a PLL with damping tactor
of 1. 0. Although differences in performance are small for loops with these

two damping factors at the specified bandwidth, results are in accord with

expected performance from a mean squared error criterion, that is, that optimum

performance is obtained with a damping factor of 0,707,

Perusal of Figures 5-1 through 5-3 indicate that adequate demodulation

performance (less than 0.2 dB loss) is achieved onlv when data rates are above

3600 bps.
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5.2 MAGNAVOX RESEARCH LAB., INC. (MRL) USC-28 BPSK SPREAD
SPECTRUM SYSTEM

5.2.1 General

MRL's USC-28 is a BPSK spread spectrum system which consists of the

following basic subsystems; Link Order Wire (1LLOW), Channel Data Receive

i s e £

Transmit (R/T), and a Critical Contro! Circuit (CCC).

Preceding analyses in this paper have neglected demodulation losses due
to phenomenon other than imperfect carrier phase estimation. That is, losses i
such as those due to imperfect PSK symbol timing have been neglected. There- :
fore, as a continuation of this simplified analysis for the USC-28, losses due i

to improper PN code tracking will also be neglected and only those losses due

o

to imperfect carrier phase estimation will be calculated.

Neglecting PN modulation, Figure 5-3 shows a simplified version of the
time and power shared configuration of the LOW and R/T channels assumed in 1
the analysis of the following sections. The CCC is a separate control circuit

mot shown in Figure 5-5).

A complete analysis of the USC-28 from a phase noise point of view is
provided in {1]. Our main purpose here will be to provide a simplified system
analysis which will provide the basis for a USC-28 phase noise specification as
discussed in the summary section and Section 6. We shall also briefly indicate
expected system performance of the USC-28 operated with the HT-MT (AN MSC-60)
terminal and the MSC-46 upgrade terminatl as compared to the results described

in (1] for an improved version of the AN ASC-18 terminal.

5.2.2 Phase Noisc Fffects in the USC-28

In Figure 5-5 it is shown that the LOW channel and R-T channel operate
on a power shared basis and that carrier phase estimates are derived from the

LOW and used for demodulation of data on the R-T channel. As indicated in the

figure, two models of the USC-28 which are currently under discussion are the
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Advanced Development Model (ADM) and the Fngineering Development Mode!

(FDM). For the purpose of our discussion, the difference between these two

models is that the EDM LOW has Hamming (16, 11) coding for forward error

control FEC and operates at a fixed BPSK symbol rate of 150 S/S while the
ADM does not have FEC and operates at a fixed rate of 75 S,/'S (or equivalently
75 bps).

The R T channel on both ADM and EDM is convolutionally encoded” and
has variable data rates, the lowest being 75 bps (or equivalent 150 S/S). ;
The TDMA duty factor switch is adjusted to provide the best power tradeoff
between LOW and R/T as a function of R’T data rate. As in preceding analvses,

to determine demodulation performance, we must calculate carrier phase

reference quality defined as the total phase error variance U?ot' As before, the

2
guantity (T;Ot is the sum of a phase error variance T due to thermal noise and

a phase error variance (rim due to the untracked portion of the phase noise ]
process on the received signal. Since carrier phase estimates are obtained

from the LOW, the thermally induced phase error variance is easily calculated

given the LOW energy per modulation symbol ‘noise density (Ems/No\L, LOW

modulation symbol rate (Rm ) LOW carrier tracking bandwidth B, and the

s L'
appropriate modulation removal loss factor M- Calculation of the phase er+or

o
variance o is, however, not as obvious here as in prior analyses. For the
pn

purpose of demodulation on the R’T data channel, the phase error variance
(o~ 1. is due to phase noise in the frequency band gfn to Rms)D ,2} when fn is

nD
the LOW PLL corner frequency and (Rm ) is one half the R’ T PSK symbol

s D 2
rate. As discussed in Section 3, the upper frequency limitation is the result of

using integrate and dump filtering which cffectively suppresses high frequency
phase reference estimation errors. On the other hand, the phase error variance
10’2 ). due to phase noise on the 1.LOW is the result of phase noise in the frequency

nli

band “n to (Rm )

e Therefore, if (R ) = (R ) _ as in the lowest FDM
s L2 m m

s L sD

* See Note 1 of the Annex,
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n L Uprxz 9
> . . >
(R \D > (Rms)L which gives (crpn) 2 (o ). so that the tota! phase error

) However, at higher R/T data rates

R /T data rate then ((72 )= | .
P D

ms D pn L

variances for R/T data and LOW are such that (0'2 2

tot'D 2 Tl
Thus, if one were to judge demodulation performance in the R’/T channel,
based solely upon carrier tracking performance on the LOW, severe errors
could occur because of the failure to account for the additional phase noise in

the frequency band {(R ). to (R
m L

5.2 ms/2'D}'

5.2.3 Performance of the USC-28 Operating with Terminals of the Phase Il DSCS

A complete analysis of the USC-2¢ operating with an airborne AN/ASC-18
terminal is given in [1]. The reference gives a complete description of
demodulation performance assuming that phase noise improvements are
made to the AN ASC~18 terminal. It was shown that the most critica! perfor-
mance requirements on carrier phase estimation performance (and, therefore
R ‘T demodulation performance) occurred at the lowest R/T data rates, where
the phase noise of the improved AN /ASC-18 terminal is similar to that of the
cesium Il curve of Figure 4-7. Since the cesium Il phase noise is expected for
HT-MT (AN/MSC-60) and upgraded MSC-46 terminals, performance at low data
rates with these terminals will be similar to that shown in [1] for the AN/ASC-18
terminal. At high data rates, the cesium Il phase noise performance is better
than that of the improved AN, /ASC-18; therefore, at high data rates performance
of the USC -28 with the HT-MT and upgraded MSC -6 will be better than that

shown in [1].




5.3 RAYTHEON INC. TDMA (EDM)

(7]
‘ 5.3.1 General

The Raythcon EDM TDMA currently being procured by USASATCOMA is
a burst coherent form of TDMA with u preamble preceding cach data burst
? transmission which contains the residual carrier and bit timing references
) to maintain gated carrier and bit timing tracking loops in appropriate syvnchro-
nization, within a certain minimum mean square phase error criterion. The
: frame structure and the basic carrier tracking demodulation and decoding
g techniques are depicted in Figure 5-6. Figure 5-6(a) shows the TDMA frame
composed of n bursts originating from a network of n earth terminals each
X transmitting a burst of data. Each burst includes guard time, preamble time,

and subbursts representing individual basebands and subburst tail-off time,

b: The subburst tail-off time results from the desire to share a single error
{ encoder and error decoder with time sequential subbursts of data. The single
N encoder must be '"flushed" and returned to a reference condition before

encoding the next subburst of data bits. This results in time in the burst that
! is unusable for sending data. The preamble is composed of a subburst of
unmodulated carrier for carrier reference recovery and a subburst of modulated
(alternate “ones' and 'zeros') carrier for bit timing reference recovery. The
functional demodulator detail necessary for understanding the problem is
shown in Figure 5-6(b). TDMA frame, burst and subburst timing are derived
(byv other circuits not shown in Figure 5-6(b)) and made to gate tracking loops
at the appropriate ws to permit “sampled data” burst coherent recover\ ot
both carrier and bit timing references to enable efficient coherent demodulation
of data subbursts. The recovered carrier reference multiplies the modulated
arricr at the appropriate times to demodulate the desired subbursts. This
< ratan s followed by matched f{iltering (integrate and dump) the noisy data
+ o0 analog to digital conversion (for soft decision). The soft decision

v+ .oered from burst rate down to an aggregate rate and decoded by a

Yot
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5.3.2 Impactof Phase Noise Upon TDMA System Performance

One of the most useful measures of system performance for a TDMA system

is TDMA trame cefficiency n given by the following equation:

T
"7—1-—,()” (5-1y
r.
14
where T(\H = total frame overhead
T o total trame duration

Howerver "DMA trame overhead is a function of many parameters as shown

by the tollowing equation;

n n
- . . . . 5
Ton ™7, ,Z Tpa 2 Tro ® (5-2
i=1 1=1
where Tg = guard time between bursts
T (1) = preamble time for ith burst
PA p :

TTO(i) = subburst tail-off time for ith burst,

It mayv casily be seen that network size n and connectivity will have a
protound influence on frame efficiency.  In addition. for networks with various

size terminals required preambles ') (i) can be considerably different depending

PA
upon terminal G T. Since the number of parameters which can be varied for
this type of syvstem is quite large and since our main interest in this paper is to
indicate expected demodulation pertormance of o TDMA system operating in

the presence of oscillator phase noise. the scope ol the problem will be

restricted by the following assumptions;

1. A maximum of 2-3 percent loss in frame efficiency is allocated to

that part of preamble time reserved for residual carrier tracking.




e
oM

d_1

where

e

I

Assumptions 1 and

It has been shown ~ 1
tracking PLL if the effectiv

frame duration and if the gain in the gated P

The preceding frame cfficiency loss is to be allocated equally between
2(-30 carth terminals,
Demodulation losses will be hased solely upon a 0. 2-dB loss due to

imperfect carrier phase tracking. All other demodulation losses

imcluding those due to symbol timing crror arc neglected as i the

analvsis of preceding sections.
Demodulation losses are based upon the assumption of sott deci-ion

(3 biy) rate 1 2, constraint length 7, Viterbi decoding followerd i

difterential decoding. From the analysis of preceding sections und

Refercnces 2 and 8, it is casily seen that carrier phase referency

error variances of approximately -15 dB and ~ -2& dB are required

for coded operation with BPSK and QPSK, respectively.

(F.R.)= 1200 frames per second

2 translate to a required dutyv factor of 0. 001 for

rexidual carrier tracking preamble time.

e loop time constant is much larger than the TDMA

LL is increased by the duty factor

Mathematically this may be stated as:

(1-d Wnp
F.R. 0. <1 (5-3
5

= carrier preamble dutv factor

3
- that a gated PLL will behave similar to a continuously

UOPYISEE
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T - carrier preamble time duration
CPA

and (“"lm' ¢) are the equivalent continuous PLL (natural radian frequency
damping factor),

Therefore, Equation 3-10 (a, b) may be used to calculate PLL carrier
tracking error variance provided the energy per symbol to noisc (LS/NOp 1S
replaced by its averaged value over the TDMA frame duration (hs/xo).«\\'
= dTSC/N0 where C is the received carrier power and

where (hs/ :\O):\\"

Tq equals duration of cach PSK symbol in the received burst,

Figures 5-7 through 5-~12 (see also Tables D-25 through D-46) show

expected demodulation performance for the Raytheon EDM TDMA system

using a4 100~-Hz carrier tracking PLL bandwidth and optimum PLL bandwidth,

Operation is assumed in the presence of oscillator phase noise contributed

by two and three terminals of the following types:
1, Modified HT-MT (Figure 4-1)
2, "Cesium 11" (Figure 4-7)

3. "Crystal 11" (Figurce 4-7),

The reader is reminded that all references to "bits' in the tables refer
to "modulation bits" while in the figures the term "bits' refer to "informution

bits,” Thus, due to the rate of 1/2 coding, the following relationships hold.

= /
Rib Rmb 2
N NI = v +
and Lib/ho Emb/l\o 3 (dB)
where
Rib - Information bit rate (information bps)
Rmb Modulation bit rate (modulation bps)

5-15

Y

Lo




AL L.

o

——— e aeaa

Tables S-3 (1) and (b) summarize the minimum and maximum allowuble
Raythcon TDMA data rates when used with possible phase noise contributions
expected in the Phase 1] DSCS. Table S-3 (a) shows these results when a
constant PLL noise bandwidth of 100 Hz (one sided) is used and Table s-3 )
shows results when an optimum PLL bandwidth is chosen as a function of datu
rate. These tables (and Figures 5-7 through 5-12) show that dramatic im-
provements in performance are obtained when an optimum PLL noise band-
width is used. They also show that the additional complexity of a variable

bandwidth PLL is well justified based on demodulation improvements,
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SECTION 6 - PHASE NOISE SPECIFICATIONS FOR TERMINALS OF THI DRCK

6.1 ANALYTICAL STUDY

All of the preceding performance analyses were based on the assump- 1
tion of a known or specified oscillator phase noise spectral density. Beciuu-c
svstem performance results depend primarily on the area under the phasc
nouise denxitv curve between the PLI corner frequency and the PSK <vmbal rate,
it is possible to specify an infinite number of phase nuise spectra which will
meet certain performance criteria. On the other hand, if we are to devise o
phase noise specification that will ensure stated svstem performance meusure,
it should be remembered that the particular shape has onlv secondary influence
on the performance. Only the total phase noise power from the corner fre- ]
quency of the loop to onc-half the symbol rate is of concern. Therefore, it ix
logical and convenient to set standards for the maximum phase noise power 1n i
given band, Since most frequency sources show phase noise characteristics
™% with the exponent s ranging from 1 to 3, the most critical characteristic
f mav be assumed in determining the frequency band to be specified. Then,
whatever the actual phase noise characteristic may be, the total phase noice

variance can bhe met.

stated more explicitly, if the phase noise specification is based on an
== . P . -
{1 phase noise characteristic about the loop corner frequency fn and if £ -~
phase noise is actually experienced, the total phase noise variance can be

lowered relative to its specified value, provided s, < s (We will prove this

1
for s-values larger than 1 since we can infer about s £ 1 by continuity.) It
can be verified as follows. If the phase noise variance in the band specificd

-s ‘ , _ -8,
bv assuming f 1 phase noise equals the phase noise variance for f ~ 2 phase

noise then from Equation (3-31) we have
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Since the optimum x=value for an f 7~ phase jitter characteristic is given by

. : > > o=
_\S Ns (s1 52 1 G-
) 1
the minimum total phase noise variance
s
2 z
o L x (s, > h
s s -1 5 2
2 2 2
=14
s
2
52—]
2 °1
is less than Oq - L. N, for s < 8 beceause the function
"1 "1 "1 -
1
l -—
2 s
o sl—l
< 3 -
—_ fis —_ ( \) s, . s> 1y (=
2 = I3 s-1 !
0 1
S
1

-3
is monotonc and increasing for s< S * Thus we can conclude that f  phase
="
poise is morce critical than for example f ~ orf .

*1t follows that f(s) has these properties becausce the derivative of - (=) is

positive for 1 < s< s1 as shown in Appendix B,
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Basced on the assumption that we are faced with an f 7 phase noise chuarae-

teristic, the resulting phase noise variance from the band f() to < is given by

h * h

3 3

2 f —3_ df =11,
2 f“ f() f

Faquating this with the contribution due to f ~ phase noise in Equation (2-20), 1t

miplies that when using a PLIL with a matched filter processor the Tower hand
frequencey should he set to

th="7.

Sle®

Furthermore. if we set the upper band limit to Rq 2, the phase error variance,

duc to phase noise (powern in the band ‘fn, R 2y, will give an upper bound to the
s

minimum achievable phase noise variance according to Equation (3-20 regurd-

- .

-1 -3 . . S
less of whethert 0 7,0 or f 7 phase noise is dominating,,

From |2} and |5] it is Known thuat to prevent more than 0.2 dB in equivalent

power loss, due to phasce noise at the decision point, it will be necessary that
oy

)
phasce noise variance U~tot - =15 dB from BPSK and ohtot -2= dB for QPSKk when

. . . -3 . Ceys
coding ix used. Assuming an { * phase noisce characteristic, the system should
(2]
be designed such that two-thirds of the total phase noise variance cr't . is due
o

to the phase-locked loop variance caused by the additive Gaussian noise. Tha

is, the equivalent power loss requirement translates into the loop phaxe noisc
varinees,

0—” - 16,77 = - 17dB for BPSK
)

(1=}

o] f - 20 7T = 530 dB for QPsh
1

where aecording 1o Equation (3= we have

+)

N B
th  E_R_ o e
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At the operation point E /N =E /N - 1,3dB for rate 1,2 coded BPSK
s o mb o

and £ N - E /N +3=4,3dBfor coded QPSK. Furthermore, from Tuble
s o mb o

A-1 (taken from {g)) the values of the degradation factor ng are given hoth for

decision~feedback (DF) and matched filter (MF power loop implementations i,

")

th’

ratio using kquation (6~7) and, using f() = Byp/4.3, determine the corresponding

RS, 2) for a given PSK symbol rute I(q. This

Thux, giveno E NO and Ny We can calculate the corresponding B, R
s

~

frequency speceification band (f(),
has been carrivd out and the general algorithmic structure has been presented

in Table 6-1 and a specific set of frequency bands was given in Tuble S-4 und
Figure S-1. Note that the power loop implementation will specify wider bands,
which means that a prescribed phase noise variance (power) requirement will be
harder to meet, (The last band for RS =80 M symbols per sccond has been modi-
fied and extended down to 23 Hz since it refers to the TDMA operation. Use of

(17]

a loop having a noisc bandwicdth of 100 Hz has been suggested, )

Having determined the frequency bands that are related to the data rates,
we must now determine the allowable phase noise power in these bands. In
Tuble 1-5 the maximum phase noise power in a particular band is given for a
set of equivalent power loss* values using the Gaussian loss approximation, ]
The table also distributes the total phase noise contributions on two and three
terminals, The two-terminal case is applicable when the satellite has a neg-
ligible phase noise contribution, and it is assumed that the transmitting and
receiving terminals have equal contributions, The three-terminal case assumes

the satelliwe hus a contribution equal to one of the terminals,

An example of the use of the preceding techniques for gencrating a phase
noisc specificatior is given in Paragraph 6.2, Phasc noise specifications for
the AN, MSC-60 (HT) "follow-on" and the AN, MSC-16 “upgrade’ are given in

Tables 1-6 and 1-7, respectively,

* A word of caution: It is impossible to satisfy demodulation loss criteria (mini-
mum MSE) while simultaneously having inadequate carrier tracking loop cyvele
skipping performance, Criteria for these parameters must also be satisficd
in any system analysis,

6 -4




v oros——r o — h TN e
|
* <4
i 3
.. 3
¢
_ i
CEFT 26 HIRYPII S UOTIS1O3(]
i doo1 aamog
| 06+ 2 U 114 poyduly
MSd O qSdd '
o a
J S rﬂv
H ©

mmv

AUdD J0§ wyYjraod]y

i) joquiss g -
(z %4 9l spueg uoneoyroadg Aouanbar, Jurjes -4 QUL

—— .- S ey Pt

i I

Al s PRI T - B niaiad




FES

R T

6.2. APPLICATIONS

6.2.1 General

Terminal phase noise specification designed for BPSK systems in the

D=CS are derived using the following assumptions:

1. Rate 1°2, constraint length 7, convolutional encoding with soft

decision (3-bit) Viterbi decoding is used (see Table 1-5).

(o

estimation is < 0,2 dB (see¢ Table 1-5),

3. Equal phase noise contribution from terminal transmitter, terminal

receiver and satellite (sec Table 1-5).

4. Conservative case; systems will use matched filter power loops for

carrier phase estimation (see Table 6-1),

6.2.2 BPSK System Specifications

In addition to the assumptions listed in the preceding section, specific
equipments notably the Radiation BPSK MD-921G modem have the following
PSK symbol rate limitations:

32 Ksps - 10 Msps

Using Table 6-1 and the assumptions in Paragraph 6.2,1, the following
two frequency bands may be derived using the lowest and highest BPSK symbol
rates:

(145 Hz - 16 kHz)
and

(45.5 kH/ - 5 M/
R

i

110.

That is, J f . R 2! where al /f
3] S 2 )

<

Maximum allowable demodulation loss to the imperfect carrier phu-c

L
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Using Table 1-4 note that in cach of the preceding bands the totul phasc
noisc added to any transmitted or received carrier should not exceed -24,5
dB rndg to kecp demodulation losses, due to errors in carricer phasce estimu-
tion, < 0.2 dB. Since the above deseribed modem may be used for any
BPSK symbol rate within the stated limits, a complete specification would
require additional overlapping specification bands. This composite pha-e
noise specification (overlapping bands) may easily be satisfied by state of the
art designs. Therefore a simplified, but slightly more stringent single bund
specification which is still easily achieved by state of the art techniques is

given by the following:

BPSK Specification

The total spurious content added to any transmitted or received
carrier, including phase noise and discrete spurious signals from
both sides= of the carrier, shall be at least 25 dB below the carrier
level when measured in a band 145 Hz to 5 MHz from the carrier
frequency.

In the preceding specification an attempt has been made to use language und

style suited to actual equipment specifications,

6.2.3 QPSK System Specifications

Techniques analogous to those used for BPSK are used to derive QD<K

phase noise specifications.

For the DSCS, QPSK svmbol rates are expected within the range=<:

(32 Ksps - 40 Msps)

From Tablce -1 and the assumptions of Paragraph 6,2,1 a series of over-

R
. e S )
Japping specification bands (fo, RS 2y where —'T/fo 2850 may be derived,

6-7




izl

Y T—

e T P S

Yy

. sl sadice. 20

Then using Table 1-4 and the same set of assumptions, the following

specifications mmy be derived for QPSK signaling,

QPSK Specification

The total spurious content added to any transmitted or received
carrier, including phase noise and discrete spurious signals from
both sides of the carrier shall be at least 37. 5 dB below the carricr

level when measured in the following bands:

5 Hz to 16 Hz from the carrier frequency

20 Hz to 76 kHz from the carrier frequency
200 Hz to 0.6 MHz from the carrier frequency
1.7 kHz to 5 MHz from the carrier frequency

7 kHz to 20 MHz fromthe carrier frequency.

6.2.4 Phase Noise Specifications for MRL's USC-28 BPSK Spread Spectrum

The USC-28 mayv essentially be treated as a modified BPSK system
after the PN sequence has been removed as discussed in Paragraph 5.2, 3 of this
report. Carrier phase estimates are derived from the LOW, Worst case oper-
ation (from a phase noise point of view) is a rate 1/2 coded LOW at 150 BPSK
symbols per second and an ES/No = 1,3 dB (energy per modulation symbol
noise density). If the R/T channel operates at 150 BPSK symbols per second
with an ES,’NO = 1.3 dB the carrier phase estimation problem is equivalent to

that for an ordinary 150 BPSK symbol rate system.,

Thus the following frequency band (fo, Rs/Z) derived as in Paragraph ¢,2.2

R
(.6 - 75 Hz) where ')b /fo = 110.
Using Table 1-4 and the assumption of Paragraph 6.2,1, the total phase
noise added to any transmitted or received carrier should not exceec: -24,5 dB
2
rad2 = -25 dB rad to keep demodulation losses due to errors in carrier phase

estimation < 0.2 dB,




As noted in Paragraph 5,2, 3, even at high data rates the carrier phasc
estimate was derived from the LOW which was constrained (in rate 1/2 coded
opcration) to operate at a 150 BPSK symbol per second rate, Operation at the
highest BPSK symbol rate (5 msps) means that the effective phase noisc band
is stretched to become (0,6 Hz-2,5 MHz). However, operation of the USC -2~
is such that at the high data rates so much additional power is added to the LOW
(ES; No >>1,3 dB) that losses duc to thermally induced errors in carricr phasc
estimation become negligible, Thus, from Table S-5 the total error variance
atot - -15dB x‘ad"3 for a 0.2 dB demodulation loss may be assumex! to be
caused by untracked oscillator phase noise and distributed equally (1,3 allo-
cation or -1, 77 dB) to give -19,77 r.'ad2 for each of the up- and down-converters
and the satellite. Thus, the following terminal phase noise specification is pen-

erated for terminals operating with the USC-28 BPSK spread spectrum systen,

Specification for USC-28

The total spurious content added to any transmitted or received
carricr, including phase noisc and discrete spurious signals, shuall

not exceed conditions specificed in the following paragraphs.

1. Total spurious content from both sides of the carrier shall be
at least 25 dB below the carrier level when measured in a band

0.6 Hz to 75 Hz from the carrier frequency,

2. Total spurious content from both sides of the carrier shall be
at least 20 dB below the carrier level when measured in 2 band

0.6 Hz to 2,5 MHz from the carrier frequency.

6.2.5 Phasc Noise Specifications for Raytheon Inc.'s Burst Coherent TDMA

As discussed in Paragraph 5,3 of this report the 100 Hz carrier tracking
PLL bandwidth for the TDMA system is constrained to much iess than the
TDMA frame rate independent of the actual BPSK or QPSK symbol rate., The

PO
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most critical (i.e., largest) frequency band may therefore be derived by using

the highest QPSK symbol rate of 80 msps and Equation (6-7}. The TDMA band
is thus (23 Hz-40 MHz) or {By/4.3, Rs/z} where B, 100 Hz.

Using Table S-4 the following specification is derived for QPSK TDMA
where demodulation losses due to imperfect carrier phase estimation are
< 0.2 dB.

Phuase Noise Specifications for Raytheon lnc. TDMA

The total spurious content added to any transmitted or receined
carrier including phase noise and discrete spurious signal from
both sides of the carrier shall be at least 37.5 dB below th¢ carricr

level when measured in a band 23 Hz~40 MHz from the carrier

frequency.
6.2.6 Summary

In Paragraph 6.2 phase noise specifications have been presented for vari-
ous equipment expected to be operational in the DSCS, Since the AN, MSC-tiu
(HT) follow-on earth terminal is expected to work with all or some modificd
version of the preceding equipment, all of the specifications of Paragraph ¢,
must be equalled or exceeded by this earth terminal.

Deleting al) but the most stringent specifications gives the proposed
specification on phase noise for the follow-on AN MSC-60 (HT) earth terminal
shown in Tuble 8-7.

6.3 PHASE NOISE SPECIFICATIONS FOR THE AN 'MSC-46 "UPGRADL ™

Preceding derivations of phase noise specifications for the AN MS(C-i0
(HT) follow-on included all contributions to phase noise on the transmitted
or received signal including the effects of the frequency standard which is the
basic source of all frequencies in the terminal. However, the AN MsSC-46

upgrade will be based on terminal designs for which the frequency standard

6-10




will be government furnished equipment (GFE) procured under separate

contract.

Therefore a sub-system phase noise specification must be generated tor
terminal designs excluding the effects of a frequency standard. Of coursc
these subsystem phase noise specifications must be consistent with totul phusc

noise specifications on terminals with a frequency standard,

Considerable difficulty is experienced when attempting to allocate phuse
noisce between the terminal itself and its frequency standard. This difficult.
occurs in spite of the fact that phase noise due to the standard dominates at
very low frequencies while phase noise due to the terminal dominates at
higher frequencies because the crossover frequency between these two phase

noise sources is a function of very specific equipment designs.

However, discussions with both a Fluke representative and Comtech
proved that Fluke's 6160 A, AO synthesizer has a 3-pole 200 Hz low pass
filter which filters phase noisc due to the frequency standard bevond this point.
since the Fluke synthesizer is an integral part of the AN MSC-46 upgrade
design we can state that phase noise due to the standard will dominate at
trequencies below 200 Hz while phase noise due to the terminal itself will

dominute at frequencies above 200 Hz.

The terminal phase noisce specifications for the AN MSC-46 upgrade
shown 1n Table S=7 15 secn to be a modification of the phase noise specitications
tor the AN MSC-60 (HT) follow-on (Table S-6) only within the region
below 200 Hz. A comparison of these phase noise specifications in the frequency
band (0,6 Hz-75 Hz) indicates that the phase noise contribution duc to the
“terminal only” must be 12 dB below that due to the frequency standard, 1o,
less than 0,25 dB additional phasc noise caused by the “terminal onlyv. ™ A
second band has also been derived in the same manner to cover the frequency

band (1,5 Hz-200 Hz),




A o
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In summary, phase noisc specifications have been derived for terminal

desigms which do not include a frequency standard (as in Table S-7 for the
upgraded AN, MSC-46). To meet total system phase noise specifications,
frequency standards must be chesen that satisfy the total specification, At
this time a complete set of phase noise specifications have not heen derived
for the frequency standard independent of the terminal design, Thus, for the

present, frequency standards are best evaluated in conjunction with a specific

terminal design.
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ANNEX

NOTE 1:
In this paper the term Soft Viterbi decoding represents the following ~o1

of operational values.

It is assumed that rate 1,2, constraint length 7, convolutional ¢ncodin. 1=
preceded by a differential encoding process as shown in Figure 2-1, On the
receiver side it is assumed that soft Viterbj (s-level) decoding i= perforricd
and then followed by differential decoding, The nominal BER at the system
output is assumed to he 10—5 required an energy per information bit /noise
density Eib/:\‘o = 1.3 dB. Due to the rate 1,2 structure of the encoding proce==
this corresponds to an energy per modulation bit/noise density Emb /xn

1.3 dB.
NOTE 2:

An additional degradation factorl ® lshould also be included for decision
fecdback loops since the phase error at the svmbol decision point causes an in-
crease in the number of erroneous symbol decisions which directly change the
loop gain by (1 - ZPS sin2 1\11) where PS is the symbol error probabilitv and M
is the type of PSK modulation,

Loop corner frequency fn as defined by Equations (3-11) through (3-14 . is pro-

portional to the square root of loop gain and therefore fn should be moditicd s

2
' f 1 -2P sin —
fn n s M
For small values of PS this effect on the corner frequency may be neglected,
NOTE 3:

It is assumed that the B5400 crystal would eventually be phase-locked

to an atomic standard to prevent long-term frequency drifts of the crystal

GA-1




oscillator. However, in this report it is assumed that the bandwidth at which
the cryvstal is phase-locked to the atomic standard would be considerably
smaller (< a factor of 10) than the optimum bandwidth of the receiver tracking
loops. Under these conditions the effeets of phase noise in the atomic standard
! mayv be neglected as in the curve labelled "erystal 11" of Figure 4-7  Of cours.,
the analysis in this report could easily be used to indicate expected performance

' should the appropriate data become available.
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APPENDIX A -~ PARTIALLY COHERENT M-ARY
PSKk DEMODULATION LOSS FUNCTIONS

In {6} it is shown that the variance of the phase estimate obtaincd using
a power loop trucking on M-ARY PSK signal in the presence of additive white

Gaussinn noise (AWGN) is given by:

, N.B
- 22 A1,
© ER ¢ :
S s
where
k-1
M 2 N
. n P 1 (.\1) L\,(\o) R
., - . LT tA-2
@ SEETE T e

In [8] it is shown that the variance of the phase estimate obtamned using
decision feedback (DF) tracking an M-ARY PSK signal in the presence of AWGN

is also given by Equation (A-1) where:

1. op Ls nj('lﬂ) 41\0 sing(ﬂ)
Cop == et (F). =2 I
| s N, A 3E_ M
(dh , (At

O O o 2
1 -2 si —
PS sin (1\1)

P modulation symbol error probability (i, ¢,, the probability that the =svmbol
3
is received correctlyv is 1 - Py and all other parameters are as defined in
s

sections 2 and 3,
Evaluation of (A-2) and tA-3 is provided in Table A-1 for various con-

firurations of interest,  Also shown in Table A-1 are tabulated loss functions

for symbol timing loops which have not been considered in this report.

* This correction factor differs slightly from the one given in {9]. The dif-
ference lies in the precise definition of loop bandwidth. The above form is
preferred.




Table A-1.

Performance Comparison of Decision-Feodbuck and Power Loap
Implementations for M-ary PSK Demaodulation
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In Scetion 3 of this report we have shown how carrier phase cstimation
quality (MSE)Y could be described in terms of phase error variances which de-
pend upon various svstem parameters (e.g., Eib/No’ S&d) (fy, B‘P' n‘p s Clteoy,

In the preceding we have also summarized how the modulation removal los-
factor "o trequired in the calculation of phase error variance) may be calcul:itedd
for matched filter power loops and decision feedback loops. It remains, how-
ever, to indicate how these phase error variances mayv be translated into de-
modulation losses from ideal performance. In [8] it is shown that for sl
demodulation losses, the following equation will provide an accurate descriy-

tion of M-ary PSKk demodulation loss L in dB versus phase error variance in

radians.
2k 2
2 " mi 2/ my o 2f 7|\
L. 1.340 }1 + N ’logz M[cos (\—1) iy (I - 3 cos (\—I))J: ‘A=
o

where

b |

‘:) > - energy per modulation bit ‘noise density expressed in a pure number,

0

For BPsK and QPSK this result simplifics to:

BPSK (M 2
. 2 2 ‘'mb
l. .o o (] 0 \,m ) d By tA=D
) [0}
QPSK A\l 4
. 2E, :
L 310 (1 —I\—’ -0 ’_"b)um. (A=t
o “o
A-3
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and if 67 < < 1 the following familiar forms result:

BPSK (M 2)

9
L. 1.34 07 dB) (A-T)
QPSK (M 1y
2 21':b
L 4.310 1 - T (dB) (A=~
(o]

Equations (A-1) through (A-8) will provide accurate loss estimates when the
carrier phase estimation error variance 02 is of sufficiently small magnitude.
This accuracy limitation occurs because the preceding equations are based
upon an assumption of a Gaussian phase error density as being an accurate
characterization of the phase error process in a second order carrier phase
estimator. Actually it is known from [5] that even for a first order simple
PLI, the Gaussian assumption i< only valid at small 02 values (high signal-
to-noise-ratios) and that a Tikhonov phase error density is exact for a first
order loop in the presence of AWGN and is also a good approximation for a

second arder loop. The Tikhonov phase error density is given by the following

<7 1A-MN

' - o ) '
ple) exp (o cos ) O(Of l

where o is the PLL signal-to-noise ratio.

Charles Wolfson has assumed that a modified form of the Tikhonov density
may be used to deseribe the phase error process in various power loops (i.e.,
modulation removal loops such as squaring, quadrupling) to derive demodulation
losses for BPSK and QPSK systems, This modified Tikhonov phase ervov

density is given by the following:




it - « '2n -
p(Mo) M exp| Mcos(M(p)]/z IO(aM) (A-10)

where
1

ol s M |

A4 cala

~

M~ -2
/ (43¢ - g
M

and M is the maximum number of signal phases.

PSP SN

Since the modified Tikhonov density will approach a Gaussian density }

for small cr2 (large o), losses based upon either technique are in good agrec-

“a

ment when demodulation losses are small. In [8] it is shown that results based

upon the Gaussian approximation are accurate to within 0.01 dB when

’ g o203
{
L <0.66 \N—s @dB) M-: 2 (A-11)
0]

e his

| and

L <04 dB) M- 4 (A-12)

! For the large loss case, it is obvious that neither the Gaussian nor
o modified Tikhonov density will accurately describe the phase error process
| in a modulation removal PLL. However, it is believed that the approximation
based upon the Tikhonov density will provide the most accurate description of

demodulation losses currently available. Due to the nature of the analvses

used to derive demodulation losses in [8} and [2, 7] based, respectively, on the
Gaussian or Tikhonov densities, it is believed that the former will provide

. 2 i
the most accurate characterization for small losses (small o~) while the latter
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will provide the most accurate characterization for large losses (large o).

Therefore, in this report a two part (large and small) loss approximation i«

used to indicate demodulation performance.

In the preceding we have limited our discussion of demodulation losses
to PSK svstems which are unencoded. To access the impact of convolutional
encoding and Viterbi decoding (as described in Note 1 of the Annex to this

report) we may use the coder functional as described in [19].

*

That is;

Pe (coding) - "const'" &{- (A-13)

where

dmin = 10 is the minimum free distance of the rate 1/2, constraint 7
convolutional code.

Equation (A-13) implies that the net effect of coding is to increasing the
effective signal-to-noise ratio by 10 log dmin in the error function, Thus in
the Gaussian approximation to the loss function (Equations (A-4) through (A-~); the

equivalent losses for the coded case riay be calculated with an effective Eb N
[a}

(Eb,l\o) - Eb I\o - 10dB.
eff

For example, when using the Gaussian approximation and the system

described in Note 1, and when L = 0.2 dB

2
(o] - 14,9 dB BPSK
2 !
u - 27.85dB QPSK
X 2
« dx) ] — exp-t7 2y dt
- /21

The ""const” in Equation (A-13) is not strictly a constant with respect to

Eb’No but is much less dependent than the error integral Q.

A-6




Results using the Tikhonov phase error density as described above and

in 12! and {7] are summarized in Figure A-1.

The following convention has been adopted when plotting all of the (non-

linear) demodulation loss scales shown in this report:

When demodulation losses are less than 0.2 dB, then losses are

based upon the Gaussian approximation. When the losses are

> 0.2 dB then losses are based upon the Tikhonov approximation.

In our view this two part loss functional with a break point at 0.2 dB

represents the best estimate of demodulation losses currently for the coded case.

More recently in [21], loss formulas were derived which indicate that the

coded QPSK loss functional (both large and small loss approximation) used in

this report may be too conservative. However, if new loss functionals are in-

deed proved to be more accurate than those used here (especially for QPSK),

it is a simple matter to replot the loss ordinates of the demodulation perform-

ance curves of this report since the remainder of the analysis will remain

affected.

LA

ETENAFVINES PN IY

PRI,




g

SUPPRESSED CARRIER SYSTEMS

REQUIRFD c REASE L%,

P le) = 10"5
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REGUINED NCREASE £,
-
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UNCODED
== =— ~— ~ HARD DECISION DEMODULATION (Q=2
~——~— - SOFT DECISION DEMODULATION (Q=8)
Figure A-1,

Comparison of Degradation Incurred for Auxiliary Carrier,
Suppressed Carrier BPSK and QPSK Systems
With and Without Viterbi Decoding
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APPENDIX B — VERIFICATION OF WORST CASE PHASE NOISE ASSUMPTION

Verifv that Equation (6~

2 l—é
g -

C e (1) :
5 5 HS) - 5 1 (51 z2g>1, (6=35)
1

is monotone and increasing for (1<s<s;). Thatis f(s) < f(s;) when 1< s < Sy

That f(s) is monotone and increasing may be seen from the positiveness of

the derivative of «if(s) (s1 2 s> 1). Now,
s, -1
i) - e — - (§——1) (—l~—) s.25>1 1B-1
S s s-1 1
1
S0
c;.’.f‘ - —1 ~ Sl-l B )
Ss S B
S
Since (s, -1) > (s-1) when (s1 >s”> 1
s -1
1
v <s-1) >0 (B-31
and
A .
v_:si(él > 0 1R-11

Hence, we can conclude that f(s) < f(sl) for 1<s € S,
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APPENDIX C - EVALUATION OF INTEGRALS ASSOCIATED

WITH PHASE NOISE INFLUENCE ON COHERENT PSK DEMODULATION

This appendix presents an evaluation of the integrals

K oin s
| N (:sm u,\) dx : fork- 0, 1,2, 3, b (C=1»
k : } aX

associated with phase noise influence on coherent PSK demodulation.

Although these integrals are very similar for all k-values, a closed
form solution can only be obtained for even k-values using complex integration

or residue calculus. For odd k-values we must settle for approximate
integral evaluations,
C.1 EVENK-VALUES

For cven k-values, i,e,, k =0, 2, 4, we first rewrite ‘k as

1 k=2
s X 2
N 2 sin ax dx
Q 4

M

~
]

o

(o} 1-x
For k - g,
x
2
1 1 X .2
b= /("“ - )sm ax dx o
o 2 Z 4 (C=51
« AN 1+x
O
1 o
" o
1 sin” @ 1 N
- ‘L,—\ dx - == / 1 (I-cos 2axrdx
~ N 2a” 1 -~
4 0
(=4
while for k2 or 4,
™
k=2
L 1 X . L
k BE— (l-cos 2ax) dx (C-
2a” 0 1 x

C-1
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Since the integrands of all four integrals are even functions, we can evaluate them

over the interval (==, ~ ) and obtain twice their values. This method makes it
possible to determine the value of a particular integrul us the residues of 1t~
integrand, Consequently, thesc integrals are also available in tables such us

thosc published by [20], from which we directly obtain

~

sin” X an (C=t
—_— dx = =
9 2
X
0
x
) ” > —)-Q
COS 2aN 2 -. 2 r . R
— N -— ¢ (cos 20 - sin -,50; (C=T
1 4
1- x
(o
T
H —_ ——
\ ‘”‘V/: -ZZC! — . _ .
— o8 2N dN - —1— e (cos .20 - sin 2 Q) (C=~
1 X

Q

and, by letting & = 0 in Equations (C-7) and (C-§),

2 —
dx X , LS (C=94

1 - x 1-x
o)

Thus we get




,v"..-‘—. - ?v‘ .

.
1 LN - Ra .
1, - — = [1-¢""%(cos JZa - sin/Zan)]
2 va® 4
” -.z_ 2 K 2
1 > (2« -i ,Z—C!'; —044 )
2 4 3" 3 '
20
fors > 5 .
LA™ (1_.Z_i.£ a _.1_0“),“.) (C-11,
4 3 3
and
1 n 3 - -
I, = — (1-¢ (cos. 2a ~ sin,2a))
10,2
Mo 2 22
-2 e/Fe-za’ Zati
so”
el
AR RV S (C-12)
)
SN S e

| o= Twe (C=13)
0 4
n.)o 2472 -
‘2 - \.'1 (]-J';—Q) (C-14
] - Z (l_-l-—) (C-15
4 2 a 5
A -

C.2 ODD K-VALUES
For odd k-values, i.e., k =1, 3, we must settle for approximate
evaluations of the values of 1k Since we desire to evaluate L‘\ for small

o -values, we must first bound the integral

k . 2
1k 7/ X sin a x dx (C-16)
1 ax

(¢ 1+ x
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k.
1

with an upper bound

a =]
: Y
k sin” ax
lk -.-f X dx ¢ _1 [ ~oh dx (C~17)
4 2 X
O 1 x « a
and a lower bound (' ga ! <m)
5
sinaa C 7 k 44 sin @«
g X :
'k:(—au—)f T —f c-‘d*
14+ x 1 - ’
0

(C-1=)

where the value of a will be chosen later to obtain tight bounds. The inequalities

result from the observations that

e

2 ‘

sinaa) (smox)

_— L |\— < 1 for 05 | ax|< <n

( o2 S\ Tox < |ex|<|aal
and

4 4
4 X
< < 1 forx >a
1 - i1 -
1-a 1-x
Of the two remuining integralg the first is elementary for k = 1, 3, We

have

N dx 1 2
— , ° 5 arctana (C-19
- 2
0 T
a
3
X dx 1 4
— == Ind-a) (C-2m
UCI
o :

The other integral can be reduced to a simpler form and expressed in terms

of the cosine integral ci(x). Since

o)
RS .




p-
k.
r
9 [
] 1 in” ax 3-K i A .
- sin_ax o o3k f sin_ v (C-21,
L ! o 6-k 6-k |
3 f X aa u
3 and u=ing repeated partial integration with8 = aa,
) ; 2 2 r 2
N sin 1  sin 1 sin28 1 1 2 sin” u 3
. = du = = ( ) v e— ’ L= = .= 20 8
. 1 B 9 28 6 2 3 3
38 P s "
]
(C=22H
we arrive at
@x E
<) 4
in” sin 8 ~ sin28 -9
28 qu- 1 { g, . 20 - c (28 (C-23
u3 2 B 28
3 {
where
x
3 ! k., 2 2k c :
. A _ COSU 4oy 28 - Z 1) (22 (C-24 ]
cizpy 2 u u=y-Ineg ~ 2k 2k

andy= 0,577 215 ... is Euler's constant, Thus, we have an upper bound for

i

I arctan a2 1 l 1(smau)~ 1 sin2aa 1 |
= = < L -~ -_— - - - et
1 2 a2 4 aa 3 2ua 6
2 2 l(sinua)2 sin 2 aa R -5
- = =4 - - [ (2 (=20
30 (2 «a S o ci (2aa)]
, Keeping the dominating terms for small o, we get
1 2 1 11 2 2 2. .22 2 1
I] iy arctan n q—z (-43---3—6-u a )-(l-g))u -Eu In 2w '
! 2 2 2 7 2 g
5 - éu lnzun-(L _§>)u (C-26)

- arctan a” - . -
y b4 36 3
da
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The corresponding lower bound for

4

p 2
3 (-—3—2-a-§-u"ln2<xa-,_,)
1-a 4a

. 2 .
sihaa 2 a
) arctan a +
o

h = % (
(C=27)
If we choose a = 2,5, the upper and lower bound for a < 0.1 will be
within 2 percent of each other. Thus, the integral 11, with good accuracy,

is approximately equal to

m 2 2 2 2 2
11 =:~U.u4«-§a Ina: 0,15« =(),825-§a Inu @<0, 1)
(C-2~)
For k = 3 we have the upper bound
. 2 .
{ ~-1-1 B 4 l(smaa _sin2aa i 2ua
3~4n 3)2 aa' > aa cl (2 uay
1
::ln(l.a4)-(%-)»-ln2azl ~%0232~,,, (C-29)
and the lower bound
] i 2 + 3 1 2
4 sina a a 2 2
= - - - - - 2aa- = :
13 4ln(l ‘“(aa ) 1‘84 f(2 Yi-ln a GQJ

(C-30
Again, with a = 2,5, the upper bound is within 2 percent of the true value of

I_ for a-values less than 0,1. Thus we have the approximation

- 0,235 - 1,04 02 (a<. 1 t C-31
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Table D-1.

BPSK Decision Feedback With HT-MT Mod Phase
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CETIMUM LONE EANTUITTH ANI THF COFIESEONTING
FHESE NFISF UBRIANCE

CECILLATNY

SFECTIAL CHATACTFRISTICS

E= 1.56F=10 FFT/M2
Hi= oMl FA[&H7
v-ATY PSK  v= ¢

Mod.F[1 kFoTE *
bss

7%
1ccC
iclele
1cer
LROAD
1920C
7600
ac7rce
10 pRROC
a91s60n
1GRECRTD
TRELADCC

EL=-CFT(IF)
H2
FeREEAD
R, 1977
10,2979
172945
Paly IR ALY 2Re)
1R 8TL

RG]
107.912
18707
SOLaf19
QFTeFRE
1PON. &9

COLING CIN PF

I F¥NDULATION LOSCRE

fFFIMY AFF ACCNELTE VHEN <

Mod. +11 FFTE®
F/¢

qe
{&r

algl

terc
tROC
19700
TERPC
07000
12 oukArn
1ayenen
1947 DRAOC
FRCLACCC

* Infor

LOSSCTLT)
(re)

1o 1€C

e €FTEDT

« 26204050

el 1eLOR

Lo E)OLEF-T
7188780

74857392 F~]

ReFN19TF=-2

fel7T13RF=1

PeDRIRIF=]

QR RAURYT~R

{«3J9RE T

r ction bit rate - |

Hi= € 1Pl
H2= .2

FF/NC= 13 TF

FH=VAF(TO)
TE
=9. 10685
=11.0€7
~13.C17¢
~1F.R563
~20e€F 12
-PLeLLER
27707
-3NeRETU
« 234 (R€FFR
~3R.70FRQ
-2R«79123
=F3.014 5

1C

VISING CAUSSIAN

o 11F2€9

LOSECTH)
(TE)Y

«ENRC2
«2RE17C
191214
FePRERCF -1
FeDFYREE-T
R,AQ/RPF=2
R.3631%F=1
1+ 30RLTF =
LeTLYCLE=L
ARICI9F =2
1eB8FEQLE=4
R.QPMQEF=-S

© Modulation bit rate

Lol eHZ v &

FH=VAI (TH) FH-VRF(PN)
TF LE
=11.0¢8¢ -12.8)18]
-13.0727 -15%.387¢
=15.079} -17.73C¢
-19,0931 =20.RORR
«23.107¢ ~CU.C0BE
-P7.12¢7 -2742391¢F
-31.3521 -30.3127
~RE.FELR -3P.8235¢
=-39. 152 3L, 1148
=L(+87CE ~3L.0RF)
“23.7(0) ~zB8.9216
~UF.BTZ ~23.032¢

rE

v
TIKHONOV APPROX.

LOSS (TOT) LOSS (TH:
(DB) (DB)
>6 >6
>6 >6
>6 .25

.12 .1




Table D-2., QPSK Decision Feedback With HT-MT Phase
Noise (2 Terminals, (Losses~Soft Deglsxon Viterbi Rate
1/2 Decoding BER = 10
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"Cesium II"

Demodulation Performance - BPSK, Power Loop,
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Table D-10.

Demodulation Performance - QPSK, Power Loop,
"Cesium [I'"" Phase Noise (2 Terminals)

-5

{Losses - Soft Decision (3bit), R=1/2, K=7, Viterbi Decoding at BER - 10 "}
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Table D-11. Demodulation Performance - QPSK, Decision Feedback,
"Cesium II'"" Phase Noise (2 Terminals)

{Losses - Soft Decision (3 bit), R=1/2, K=7, Viterbi Decoding at BER = 10-5}
*Information bit rate = 1/2 - modulation bit rate.
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Table D-12,

{Losses - Soft Decision (3 bit), R=4, K=7, Viterbi Decoding @ BER=16-5}

* Information bit rate = 4 + modulation bit rate
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Demodulation Performance - BPSK, Power Loop,
"Cesium II' Phase Nolse (2 Terminals and 1 Equivalent Satellite)
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Table D-13, Demodulation Performance - QPSK, Power Loop,
"Cesium II' Phase Noise (2 Terminals and 1 Equivalent Satellitc)

{Losses - Soft Decision (3 bit), R=4, K~7, Viterbi Decoding @ BER=10"5}

* Information bit rate = 4§ - modulation bit rate
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Table D-14. Demodulation Performance ~ QPSK, Deciaion Feedback,
"Cesium [I" Phase Noise (2 Terminals and 1 Equivalent Satellite)

{Losses - Soft Dectsfon (3 bit), R=4, K=7, Viterbi Decoding & BER=10""}

* [aformation bit rate = 4 - modulation bit rate
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Table D-15. Demodulation Performance - BPSK, Power Loop,
"Crystal II" Phase Noise (2 Terminals and 1 Equivalent Satellite)

{Losses - Soft Decision (3 bit), R=4, K=7, Viterbi Decoding @ BER=105}
* Informatlon bit rate = } - modulation bit rate
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Table D-16. Demodulation pPerformance - QPSK, Power Loop,
"Crystal II'" Phase Noise (2 Terminals and 1 Equivalent Satellite)

{Losses - Soft Decision (3 bit), R=}, k=7, Viterbi Decoding @ BER=10"%}

s Information bit rate =
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Table D-17. Demodulation Performance - QPSK, Decision Feedback,
""Crystal 11" Phase Noise (2 Terminals and 1 Equivalent Satellite)

{Losses - Soft Dectsion (3 bit), R=§, K=7, Viterbi Decoding & BER=10-5!
modulation bit rate

Dtvamy il (D
(M. aMNee?2)

-31,67Q7
-33.77¢"
N P YIS
=32.011°
-2, 705k
=12,F3m0
=33.11%7




FHASF NOISE VARIANCE

H@= 1.26E-1@ FAD/H?
H2= @1 PAD*H7

M-ARY PSK M= 2

MOD, BIT RATE * BW MF)

ksS HZ
120¢ 175
4sev 175
19209 175
76860 175
3e72¢9 1?75
1228800 175
4915200 175
196¢08¢¢ 175
THELIPPP 175

CCLING SENSIVITY GAIN= 1¢ Dk

LOOP FRANIWILTH ANI' THF CCHFESFONLING

CSCILLAIOF SFFCTRAL CHAFACTEFRISTICS
Hi= @ FAL
H3= 2 HAL#H? 15

EF/Nf= 1.3

FH=VAR(TOT)
LE

~H.2B419
~14.281

-20.2@7°2
~25.6¢€y4

~30. 6857
~33.PkaK
~32.0938
-PH. KIS
-P2.B1¢6€3

CEMODULATION LOSSES USING GAUSSIAN
APFROX ARE ACCURATE WHFN< 116469 [E

MOD, BIT RATE * LOSS(TO1)

(E/S) (LE)

i120¢ 193446
480¢ + 243479
19200 4.66991L-2
T6800 lel64)SE-2
3872060 3.8193E-3
1228800 2.15719¢-3
4915200 2.70216E-3
19¢628¢¢ 6. 7P497E-3
18€4320¢ PelP91uE -2

* Information bit rate = } - modulation bit rate

LOSSCTH)
C(DLk)

« 643094

168774

4.01934E-9
1« 004BIF-2
2+.S51PP9E-D
€. 28022FE-4
1.570@5F-4
J.92514E-S
9.R1PBAF-¢

Table D-18. Demodulation Performance - Radiation, Inc.
BPSK With Modified HT-MT Phase Noise (2 Terminals)

4 (Losses - Soft Decision (3 bit), R - 1/2, K = 7. Viterbi Decoding st BER

FH=-VAR( TH)
DR

-R.?9215
~14.3127
-2€.33323
~2€.353%
~32.3745
-38.3951
444157
~S5¢.43¢3
~5€.45F9

Tikhopov
Loss (tot)

1079,

FH=-VAF(FN)
DE

~35.65Rx%
=35. 6557
~39.64¢k
=35.5R3s
~3%.36)2
=34.9711
~372.35¢
~28.2095%
=P b1lRZ

Approx
Loss (Th)
dB

S
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Table D-19, Demodulation Performance - Radiation Inc.
BPSK With Modified HT-MT Phase Noise (2 Termlnals +1
Equivalent Satellite) (Losses - Soft Dgcnsnon (3 bit), R=1/2,
K = 7, Viterbi Decoding at BER = 10

LOOF PANLWIDIH ANL THE COFRESFONLING
FHASF NOISE VAhIANCEL

OSCILLATOK SFECTHAL CHARACIERISTICS

Hee 1.69F-10 HhAL/HZ Hi= @ FAL

M2= 215 hAL*H?Z H3s .3 KkAL®H71?

¥ ~AFY FSK ve O FRP/N@O= 1.3 DP

MOD, BIT RATE* BW (MF) FH-VAR(TO1) PH=-VAK(TH) FH=-VAF(FN)
E/S HZ DF LE CF

1200 17% -R.2802? “R.29215% -33.9979
480 175 ~14.2657 -14.3127 ~33.R943
19200 175 -2¢.1455 -20.23333 ~33.,8798 4
7680¢ 175 -25%. 6384 -2€.35%39 ~33.8729%
307200 175 -29.934 -32.3745 -33.6002
1228880¢ 175 -31.7504 ~38.3951 -32.b1¢1
491520¢ 178 -30.4185% ~44.4157 -3f.5951
19660600C 175 “2€.4312 ~5@.u363 ~26044bS 4
78643200 17% -21.05¢ ~85€.45€9 -21.5723

CCLING SENSIVITY GAIN= (¢ (F
DEMODULATION LOSSES USING GAUSSIAN
AFFROX ARE ACCURATE WHEN< 116469 DLF

MOD. BITPATE® LOSS(TOT) LOSSCTH) Tikhonov Approx,
(R/S) (DF) (DP) Loss (tot) Loss (Th

1
)

120P 1493741 «€43¢94 >6 >6

480¢ 24Ukt L 160774 1.65 1.65

19700 4.TRQQEE=2 4. @1 934E-2 <,1 <1

76800 1 @PRUFE-P |« W@UHIE =2 . )

aer2ee 4.b66B1L-3 2.51209F-3 .

1228400 £.92652F -3 6.28P2P -4 .

491520¢ 3.989%4F -3 1.57005E~-4

19660800 .210174 3.99514F-%

TBE43PAY «@37632 9.81284E-¢

* Information bit rate = } - modulation bit rate
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Table D-20. Demodulation Performance ~ Radiation Inc.
BPSK with "Crystal II'" Phase Noise (2 Terminals)

{Losses ~ Soft Decision (3 bit), R = 1/2, K = 7, Viterbi Decoding at BER = 10~}

M=ARY PCx M= P
AQ FR/NO= 1,3 DA
:a‘é POWF R LOOP [MPLFMFNTATION
' DAMPING FACTYQR= «INT7107
w5 OMB T8 PH-yAR(TOT) PH-VAR (TH) PH-VAR (PN}
’ (MON, RITS/SEC) (479 (NB-RAD®e2) (NB-RADes?2) (DB-RAD®®2)
1200. 175,000 -8.2772 -8,2922 =32.9209
! 4LROD, 175.000 -14,2495 -14,3128 «32.6667
< 19200, 175.000 =20.0714 20,3334 «32.3965
| 76800. 175.000  =25.2756 -26.3540 -31.8531
€l 307200, 175,000 -28.5923 =32.3745 =30.967¢
1228800, 175.000 =30.0330 -38,139%2 «30.7176
4915200, 175,000 =30.5170 =L 4157 «30.6977
i 19&A&0R0N, 175,000 ~30.6504 =50,4363 =30.6943
{
DEMODINLATION | 0SS VS. DATA RATE
3 MINTMUM-FREF DISTANCE OF CODE=10.0
] DEMODULATION L OSSFS USING GAUSSIAN
. APPROX, ARE ACCURATE WwHEN < ,L,116669 DR
TIx=ONOV APPROX,
‘ PMA TR LOSS(TNT) LOSS{TwW) 1 DSS(TOT) LOSS (TH)
: (MOD, RITS/CEC) (H7) (NRY (08 (DR} {NR)
12n0, 175,000 «P036F 01 «2026F 01 6, >k,
«800, 175.000 «2520€+00 «26T1E0N 1.69 1.5%
1920n, 175,000 +HBTBE-01 +4559F~01 <, 1 <,
76800, 175.000 «13463E-0) «1039F 01 <, <.l
307200, 175,000 «6122€-0? 02533 02 <. <,
1228800, 175,000 s 4IHIF 02 «h293F -03 <, <, 1
w918200, 175,000 «3902€-02 «1571F-03 <, 1 <.}
19660800, 175,000 «J783E -02 ¢ 3926F -06 <, <ol

¢ Information bit rate = 1/2 . nopdulaton bit rate

D-20
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Table D-21,

{Losses - Soft Decision (3 bit), Re 1,2, K = 7, Viterb: Decoding at BER » 10°

Demodulation Performance - Radiation Inc.
BPSK with ""Cesium II''" Phase Noise (2 Terminals)

PrHAGF VAWIANCES va, NDATA QATF *

Mo pARY DPom Mz P

Em/NOZ 1,3 DR
POWER LOOP TMPL

NAMPING FACTOR=

PMR
(MON, RITS/CEC)

12060,
GLRON,
19200,
T6A0N,
nrenon,
1228R0N0,
4918200,
19A60RNG0,

DFMONIILATION LOSS VS,

FMENTATION

LIN7107

AL
(H7)

175,000
175,000
175.000
175,000
175,000
175.000
175.000
175,000

PHeVBRI(TOT)Y
(DR-RPAN®a2)

-R,2697
-164,21R0
-19,.9454
=24 ,R820)
«27.64T77R
e2R4TR3
28,8055
-2B.B94n

NATA PATE

MINIMM=FRFF NISTANCF OF CODF=10.0
DEMONULATION LOSSFS 1ISING GAUSST AN
apPPRNX, ARE ACCURATE wHEN <«

PMR
(MON, RIT&/<EC)

1200,
GLRON
19200,
IARNN
307200,

1 P72RRNN,
491520n0,
19AANANNG,

* Information bit rate

q
(~7)

175,000
175,000
175,000
176,000
175,000
175,000
175,000
175,000

«11AR6uka DR

LOSS(TOT)
(NH)

elNL2E 0]
e 2565E + 00
+5060€E-01
L 1699F -01
« 7958F =02
+O2R6F =02
+SR23 07
«STNIF-02

1 2 - modulation bit rate

5

PHeVAR (TH) P=ayvAR (PN}
(NB=RADee?) (DR=-RAD®*?)
-8,292° ~31.,1509
-14,3128 -30.8762
«20.,3334 ~30.627¢
-26,3540 «30,0845
=32.3745 «29.1773
-38,39%2 ~2R,Quk4
b 4157 -28,92%%
-50.4363 -2R.9252

TIK~NONOV APPROX,
LOSS(TH) L NSSHLTOT) LOSS (T
(DR) (DR) (ne)
«2024F +01 >6, >k,
20TlFe00 1.76 1.6%
.GSSQF‘OI <, <,)
«1039F <01 <, <.l
»25313F 02 <1 <,
+h293 0] <, <,
«1571F =01 <, <,
* 1926F <04 <, 1 < 1
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Table D-22, Demodulation Performance - Radiation Inc, J
BPSK With "Crystal II'" Phase Noise (2 Terminals and 1
Equivalent Satellite)

{Losses - Soft Decision (3 bit), Re 12, Kw?, Vitertn Decoding at BLR = 10-& !

PHACSE VARIAMNCFS y&, NATA WATF *

M-AWY PRk L
F/nnz 1,3 PR
POWFR { O0OP TMPLEMENTATION

DAMDING FACTOR= «TN7107

PMRA ap PH-VAR(TOT) PH=VAR (TH) PHaVAR (PN

(M0N, RITS/SEM) (HZ) (DR-RAD®e2) (NA-RANNE ) (DB-RAD®e2)
12nn, 175.000 =R,2907 -8,292°2 -] AB20
w80N, 175.000 ~16,3024 ~14.3128 ~60.5349
19200, 175,000 ~20.2775 ~20.3334 -39.,21%87
T6RO0, 175.000 ~2€.000] ~26,3540 ~37.0660
307200, 175.000 ~30.3307 ~32.3745 «36,5840
1278800, 175.000 ~32.706) ~38,395? «36,0719
4915200, 175,000 -33,.6490 bl 6157 «36,0292
1966&0R00, 175.000 ~-33.92R]) «50.4363 =-36.02K2

DEMANUL ATION { 0SS VS, DATA RATE

MINIMIM=FREF DISTANCE OF CODE=10.0
DFMADULATION LOSSES USING GAUSSTAN
APPRNY, ARE ACCURBTF WwHEN < L,116469 DH

TIXKHONOV APPROX,

DMK aL L OSS(TOT) LOSS (Tw) LOSK(TOT) LOSS (T
(MO, PITS/REC) (H7) (DAR) (DR} (DR} nAay

1200, 175.000 «202SE0) e 2024E 01 >k, >é,
LRND, )75.00“ «PLTIF 00 «P&T1E«00 1057 lc“s
19200, 175,000 ceh2SF-01 «4SSF 01 <, <,
THRO0. 17%.000 «1130¢-01 «1039€~01 <, 1 <,
jor200, 175,000 JHOTGE-02 «?533F~02 <, <,
122RRNN, 175,000 «2J46F -02 « 6293 -0 <, <, 1
915200, 175,000 «1BRSE-02 «1571€-023 <, <.
1966DRND ., 175.000 «1767F <02 ©3926€ <06 <, 1 <,

* [nformation bit rate = 1’2 - modulation bit rate
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Demodulation Performance - Radiation Inc,
BPSK with ""Cesium [I'" Phase Noise (2 Terminals and 1 ‘
Equivalent Satellite)

Table D-23.

. N =5
U,.ussca - Soft Decision (3bity, Ral 2, k=7, Viterbi Decoding at BFR = 10 2

Prack VAPTAMCFS v, DATA RATES

MaAlY PSN Mz 2
FR/NNz [, NA
POWFR LOOP TMDLEMENTATION

DAMDING FACYOR= 2707107 }

PH=-VAR (PN)

¢ Information bit rate = 1 2 - modulation bit rate

D-23

DMR RL PH-VAR(TAT) PH-VAR (TH)
(MON, RITS/SEC) (=2) {NDR-BANe®?2) (DR=-RANDe=?) (DB-RA(®®?
1200, 172,000 -R.72RQ7 -8,2922 -39,9120
B8N0, 175,000 «l6,2972 ~14.312R ~38,7649
19200, 175.000 ~20.2498 «20.3334« «37,4509
THANDD, 175.000 -2%.8330 «26.3540 ~35,300R
200, 175.000 «29.5792 ~32.3745 -32.81%7
122RRN0, 175.000 «31,3654 ~38,3952 «32.299¢
6918200, 175%.000 -32.0003 ~G6 4157 «32.2567
19AA0RON, 175.000 -32.1R8R3 -50,4363 -32.2538
NEMAML ATTOr | OGS VS, DATA P8TE
MINIMIIMCFREF DISTANCE OF CODE=10.0
DEMANIILATION | OSSFS NISING GANSSTAN
APPRNY, AWF ACCUPRATF wHEN ¢ ]1164KG DR
TIKHONOV APPROY,
ouA ag LOCR(TOTY LOSSLTH) LOSS(TOT)Y LOGS (Tw)
(Mnn, RITS/REC) (=7) (NAR) (08 (DR) (DR}
1200, 175,000 L2N26F <01} «2026F <01 >6, >6,
“wANN, 175,000 L PR3N «P6T1E«ND 1.59 1.55
19260n, 175.000 LWESAF-01 «4559F -01 <.l <. 1
THRAND, 175,000 «11768-01 «1039¢-01 <, 1 <,1
anT2nn, 175.000 JUAGAF =02 «2533F -02 <, <1
12?7R80N, 175,000 «321RE-02 «H293F -01 <, <,
w315200, 176,000 276307 «1571F~p3 <, ) <,
19A&NANN, 175,000 W PRLSF 07 «36°P6F ~04 <, <,




Table D-24, Demodulation Performance - Radiation Inc,
! BPSK with "Cesium II'"" Phase Noise (2 Terminals and 1
Equivalent Satellite), PLL Damping € 1.0

-l
{Lossus - Soft Decision (4 bit), Re 1 2, Ke 7, Viterbn Decoding ut BF R = 10 Y

PHASE VAWIAPCFS VS, NATA RATF *

. M ARY POk M P
Yoot Er/NAz 1,3 DR
'j POWEFD | NOP TMPLEMFNTATION

]

‘ PAMPING FACTQR= ] ,n0n00n0N

|
b RUR aL PH-VAR (TOT) ProyvAR (TH) Pr-VAR (PN)
N (MNN, RITS/<EC) (H7) (DB=-RaDee2) (DR=-RPANee?) (DB=-PA[®e?)
g, 1200, 175.000 -R, 2669 -R.792°2 =30.64]6
l; wAnn, 175,000 =14,2070 -14.312728 =30.3932
o 197200, 175,000 -19.9043 =-20.,3334 =30,169R
o 76R00, 175,000 -26.6951 -26.3540 -29.6780

. nz200, 175.000 -27.2500 «32.3765 -2R.860%

172RANN, 175,000 -2B.1944 ~38,3952 28,6303
\ 915200, 175,000 ~28,499] =Lk ,0]157 =2R,611R
19AA0DRON, 175,000 -28,5R21] 50,4363 -2R.&105%

!

DEMAPIILATINY | 0SS VS, DATA RATE

W NIMIMaFREF DISTANCE OF CONE=10.0
. DEMODIILATTION (OSSES USING GBUSSTAN

APPRNX, ARF ACCURATF WHFN <  ,1]16469 NH
B TIK=ONNY APPROX,

Pub ~“L 1 0SS (TAT) LOSS(TH) LNSS{TOT) LOCK (T

¢ (MON, H]TS/CEC) (=7 (NA) (DH) (DR) (pR)
: 1200, 175.000 «200uE «0] 2 2024E 0] >6h, >k,

' 4LROD, 175.000 «27553F 0N W 26T1F 00 1,78 1.55%
P 19200, 175,000 +5096F-01 .4559F =01 <1 <,
- TRRANN, 175.000 ¢ 18465F =01 «1039F <01 <, <,

InT200, 175,000 .B398F -0? « 253302 <, 1 <.l
1272RANN, 175,000 hT272F-02 «6293F =03 <, 1 <,
l 4Qa157200, 175,000 «HPSTF =02 «1571F=01 <, <,

! 19AA0RANN, 175,000 «H136F =02 * I926F =04 <, <,
[ * Information tat rate - 1 2 . modulation bit rate
.
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Table D-25, Demodulation Performance - Raytheon Inc,
BPSK TDMA With HT-MT Mod Phase Noise (2 Terminals)

ILossvs - Soft Decision (3 bity, R=1 . K=7, Viterbr Decoding @
BER:-1072
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Table D-26. Demodulation Performance - Raytheon Inc. QPSK
TDMA With HT-MT Mod Phase Noise (2 Terminals)
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Table D-27,

TDMA

{Losses -

Demodulation Performance - Raytheon Inc. BPSK
With "Cesium II''Phase Noise (2 Terminals)

Soft Decision (3 bit), R=4, K=7, Viterbl Decoding @ BER=10-5}
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Table D-28, Demodulation Performance - Raytheon Inc. BPSk
TDMA With "Cesium [1I""Phase Noise (2 Terminals and 1 Equivalent Satellite)
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{ Losses - Soft Decision (3 bit), R=d, K=7, Viterbi Decoding € BER =105}
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Table D-29. Demodulation Performance - Raytheon Inc. QPSK _{
TDMA With "Cesium II'"' Phase Noise (2 Terminals) !
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{Losses - Soft Dectsion (3 bit), R=4, K=7, Viterbl Decoding € BER-IO‘-"I
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Table D-30. Demodulation Performance - Raytheon Inc. QPSK
TDMA With "Cesium II'" Phase Noise (2 Terminals and 1 Equivalent Satellite)
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* Information bit rate = § - modulation bit rate

{Losses - Soft Dectston (3 bit), R=, K=7, Viterbi Decoding € BER*!O""I
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Table D-31. Demodulation Performance - Raytheon Inc, BPSK

TDMA With "Crystal II'' Phase Noise (2 Terminals)
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* Information bit rate = 4 * modulation bit rate

{Losses - Soft Decision (3 bit), R=§, K=7, Viterbl Decoding @ BER=10"5}
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Table D-32. Demodulation Performance - Raytheon Inc.

BPSK

TDMA With "Crystal II"" Phase Noise (2 Terminals and 1 Equivalent

Satellite)
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Table D-33. Demodulation Performance - Raytheon Inc. QPSK
TDMA With ""Crystal II"" Phase Noise (2 Terminals)
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{Losses - Soft Dectaton (3 bit), R=}, K=7, Viterbi Decoding € BER=10"5}
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Table D-34., Demodulation Performance - Raytheon Inc, QPSK
TDMA With "Crystal II" Phase Noise (2 Terminals and 1 Equivalent

Satellite)
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{ Losses - Soft Deciston (3 bit), R=4, K=7, Viterbi Decoding @ BER=10"5}
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Table D-35. Demodulation Performance - Raytheon Inc. BPSK
TDMA With HT-MT Mod Phase Noise (2 Terminals)
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{losges - Soft Decision (3 bity, R
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f Table D-36. Demodulation Performance - Raytheon Inc. BPSK TDMA
With HT-MT Mod Phase Noise (2 Terminals and 1 Equivalent Satellite
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o Table D-37. Demodulation Performance ~ Raytheon Inc. QPSK
| TDMA With HT-MT Mod Phase Noise (2 Terminals;
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Table D-35. Demodulation Performance ~ Raytheon Inc, QPSK TDMA
with HT-MT Mod Phase Noise (2 Terminals and 1 Equivalent Satellite)
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Table D-39. Demodulation Performance - Raytheon Inc. BPSK

TDMA with "Cesium II'" Phase Noigse (2 Terminals)

Phase Variances vs. Data Rate*
at Optimum PLI Bandwidth:
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Table D-40. Demodulation Performance - Raytheon Inc. BPSK TDMA with i
"Cesium II'" Phase Noise (2 Terminals and 1 Equivalent Satellite)

Phase Variances vs. Data Rate®
at Optimum PLL Bandwidth:
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Table D-41. Demodulation Performance - Raytheon Inc. QPSK
o TDMA with ""Cesium II"" Phase Noise (2 Terminals)

) Phase Variances vs. Data Rate*
at Optimum PLIL Bandwidth:
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Table D-43. Demodulation Performance - Raytheon Inc. BPSK

TDMA with ""Crystal II'' Phase Noise (2 Terminals)

Phase Variances vs, Data Rate*
it Optimum PLI. Bandwidth
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Table D-45.

Phase Variances vs. Data Rate®
at Optimum PLL Bandwidth
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Demodulation Performance - Raytheon Inc. QPSK
TDMA with ""Crystal II" Phase Noise (2 Terminals)
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Table D—46. Demodulation Performance - Raytheon Inc. QPSK TDMA with
"Crystal II'"" Phase Noise (2 Terminals and 1 Equivalent Satellite)
!
Phase Variances vs. Data Rate*
' at Optimum PLL Bandwidth:
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